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temerature dependence. either remaining relatively unchanged for orientations •
deforming primarily by 111111 <To> octahedral slip or increasing with
temperature for orientations In which 1001 <110> cube slip dominates. The
stoichlometric effect is most pronounced in the ternary alloys. The
hypostolct1iouetric ternary alloy was rather brittle except at the highest
temperature.

The crientation and temperature dependence of ductility in all the alloys were
shown to be related to the probability and strength of inter-slip interactions
of the octahedral and cube slip systems. The probability of interaction was ,
assessed by weighing all the octahedral and cube systems with the magnitudes
of the resolved shear stresses and the respective critical resolved shear _

stresses. Strain hardening was used as an index for the strength of inter-slip
interactions. Based on the different types of dislocations observed in these
alloys a relationship between the strength of interaction and dislocation
features was proposed. A model was developed which satisfactorily mimicked the
ductility behavior In a ternary alloy studied. Some alloying directions for
improving the ductility in Ni3AI alloys without compromising the strength
are also indicated.
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1.0 INTRODUCTION

@

The turbine section of a turbofan engine operates under the most extreme
cnt tons. Stresses and temperatures are at high levels and compounded by
the steep gradients and complex component geometries. Both turbine blades and
ltsks demand the most advanced mechanical properties to sustain these operating
condittons. Nickel superalloys have provided the required characteristics and
the success of engines over the past twenty years can be traced in no small
mesure to the success of these alloys. However, new engines will be required
to rotate faster and operate at higher temperatures to achieve the stretch
performance goals that have been established. To reach these requirements,
radically new approaches to alloy design are needed.

It is generally recognized that development of conventional nickel
tupera.loys has reached a point of diminishing returns and thus new directions S
most be investigated. One of the approaches to achieve the required property
increases is to develop alloys based on intermetallic compounds. The approach
L based upon the observation that the ordered structure of compounds often
translate into superior high temperature properties. However, engineering
appLication is presently restricted by ductility deficiencies, for most of the
high melting temperature intermetallic compounds are rather brittle at ambient
temperatures.

The brittleness of intermetallic compounds can be traced to several V
factors, the lack of grain boundary cohesive strength, microstructure and
Intrinsic deformation behavior and, in the case of compounds with noncubic
crystal Lattice. anisotropic thermal properties also. The intrinsic deforma- S
tion and ductility behavior of intermetallic compounds are the subject of this
tnvestigation. There is a general recognition that intrinsic plastic flow
behavior is important in governing the ductility and toughness of inter-
metallics. In particular, the requirements of five independent slip systems
for arbitrary deformation at low homologous temperatures is well known.
Theoretical studies have also shown the importance of dislocation core struc-
tures on dislocation mobility, flow and fracture behavior (References 1, 2 and
3). However, there have been relatively few experimental studies on these
deformation features in intermetallics at ambient temperatures due primarily
to the fact that most intermetallics of interest are brittle in polycrystalline
form at such temperatures. The use of single crystals alleviates such problems -
and permits the intrinsic flow and fracture behavior of intermetallics to be
studied in greater details.

'a.

The primary objective of this program is to study the intrinsic flow and
fracture behavior of Ni Al alloys in single crystal form. There are several
rather obvious reasons ?or this selection. Ni3Al phase, as the strengthening
phase for nickel superalloys, is one of the best known intermetallic compounds. 1
The strength characteristics of Ni3Al alloys have been subjects of numerous
experimental and theoretical studies in the past three decades. Significant
advances have been made recently in improving the grain boundary strength of
certain Ni Al alloys (References 4 and 5), raising the expectation that such
an interme~allic may be developed into engineering alloys. However, the
ductilizing effect of the boron addition is rather restricted. It fails to _

ductilize alloys with aluminum content exceeding about 25 atom % (hyperstoi-
chiometric alloys) or alloys rich in solutes, especially those which substitute %
for Al and provide considerable strengthening such as Ti and Ta. A clue to

1e*
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the ductility problem in certain polycrystalline Ni3AI alloys has bieti proid. .
recently from a Pratt & Whitney study which indicated that, in contrast to the
well-known high ductility of the binary Ni AI single crystals. certain % ovoa
Ni Al single crystals can be quite brittle depending on specific alloy M1P ,-
si~ion and stoichiometry. This observation suggests that a potentially
fruitful approach for improving the ductility and toughness of strong ,i A.
alloys is through understanding of alloying and stoichiotrie effects 4
intrinsic deformation behavior of such alloys.

1.1 Background and Alloy Selection Logic

Fundamentally, plastic deformation is accomplished by generation 'ai
movement of dislocations through a crystal lattice. Thus, the intrinsic.
ductility of a crystal is governed by the ease with which dislocatsina 4.
generated and the mobility of these dislocations. It can be shown ta 4j*

that both dislocation parameters are influenced by the configurational *f'ac-
ture of the dislocations. An ordered lattice increases the maber &nd ca- 0
plexity of potential configurations and various types of structures h%*e bee,"
proposed depending on the fault energies (References 6, 7 and 6). *

The possible types of dislocation dissociations and their *ssociated
planar faults in the L12 lattice has been summarized recently by Pope an4 !*.-2
(Reference 9). Alloying can change the fault energies and favor don tv of
dislocation configurational structure over the other. For example. a4dlll o*
of Nb, Ta or V to Ni3Al tends to reduce the antiphase boundary (APB) ernev cM
{001} planes and favor a simple configurational structure consisting of two
superlattice dislocations connected by a strip of APB. The change in fal
energies in a given lattice can also lead to instability of the lattice towt,
a derivative structure. These alloying effects on dislocation configraticm ,
structure and lattice stability has also been discussed by Pope and Etcz
(Reference 9) and by Mishima, et al. (Reference 10) and schematically i -ue-
trated in Figure 1. As shown in Figure I that addition of Ni. To and Sn to
nickel L12 alloys could theoretically lead to three different derivativ.
structures and have the following consequence on the dislocation confi-irs-
tional structure. Addition of Ni in excess of the stoichioastric comositiry
tends to reduce the {l1l} APB energy and eventually result in Al structurp
when added in sufficient quantity. The transition elements Nb, Ta and V t"-d
to reduce the {001} APB energy in the Ll lattice and transforming it to ID-,
when added in sufficient amounts. Alloying with Sn tends to reduce the
stacking fault (SF) energy of the Ll lattice and eventually transforninA it
to the DO9 structure. 2

19.

As results of various changes in fault energies, different types of
dissociation of the superlattice dislocations are considered likely to occlr
in these Ni3Al alloys. Reducing the (111} APB energy is likely to lead to
dissociation by formation of APB and complex stacking faults (CST) on 11ij)
planes according to the following reaction (Reference 11):

[101] = 1/6 [112] + 1/6 [211] + 1/6 [H121 + 1/6 1211

Increasing the APB energy anisotropy (reducing the (001) APB energy) is !ikeiv
to result in a simpler dissociation of the type

[iOl] = 1/2 [1ol] + 1/2 o10l (2)

2
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t~~~~~~ha ~~~ ~ w the~~ti SYL~ a~am.,~~r~~ energy is reduced, is

Lan LfJ*-'111 V 11 V

* ~'3 'lvi(3)

voftLi. E%*4L~v LA ftt~t LMCRLtl 4t~cing tiults (SISF) on (111)
.'

Mae age tse'cy few *!.09449a4 it tn a iiyn# tffects on the type of
,L L * r I LEa.o:Ia snL 4 tuaa attempting to relate the various possible

.,/Vs ILte 4i .iL4t Lift* ,vtrh th Ltrftnsc defomation and ductility
6WhAVLWV LAt %L AL *Ls41

A pr,,e'. ibl.4. tvo i hta prca is to study the relationship between
r.N AItl*.+€s l cA~ntL oflt oructurw and the deformation and ductility
15*hawv+r in St)AL 4Lloy*. roh pha stability concept described above provides

4 good Nsto 15cr ,,Lectton 4f eLLoytn additions for such a study. To produce
4 !tr t.r 43, sLcatim conf lucv tonal structures for study, we selected

binacy oLLky% otth thire. LLs ot St content and ternary alloys with additions
f Ua and S e - enrationow of To wnd Sa were selected to be 5 atom

percentr. and 4 *Prm plrc nt. respectively which hopefully would be low enough

o Avoil firmoa wn of "mbittling swcondary interuetallic phases and high
on ih to prooduc ,ame effect* on dislocation dissociation behavior. The '
*iLs,, electe4 w-hich.or* shown in Table 1. are grouped into three series: %

the binary a.Loy. ta-swdfted wd Sn-eod~fied ternary alloys. The alloys are .' p
esignat~ed a~plh-tintriaiLy tin which the ternary addition is indicated by the %

chemical *iubol followed by the concentrations of aluminum and the alloying
addit ion. e.g. n-L4 indicates a terna" Ni Al alloy consisting of 21 atom
percent aLminma. 4 atom percent tin and the balance is nickel.

.'I1AL AlLoy Intrinsic Ductility Factors and Study Plan

Tensile elongation of the single crystals at fracture was used as a
measure of intrinsic ductility on an alloy. Even in a simple uniaxial tension
siluation the study of intrinsic ductility limiting factors is quite complex.
A review of Literature suggested that the following factors should be consid-

ered (References 9. L2-i5):

I. SLip interactions between octahedral systems and
octahedral -cube system.

2. Critical resolved shear stresses for octahedral and cube slip.
3. Dislocation core structure.

The relative importance of these factors depends on test conditions, such as

temperature and orientation of the stress axis, and on material parameters
such as alloy composition and stoichiomatry. To gain insight into the slip
system and dislocation interactions we shall analyze the yield strength
characteristics, strain hardening and fracture behavior and examine disloca-
tion features using transmission electron microscopy technique. Further, to
facilitate the analysis we shall focus on orientations of the following stress
axes which would maximize the differences in slip interactions: 0

3 "%,
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<001> No shear stress on the cube planes.
<111> Near maximum shear stress on the cube planes and %

minimum shear stress on the octahedral planes. ,

<123> Equal shear stress on cube and octahedral planes.

There is ample theoretical work to show convincingly that dislocation
core structure is another important consideration for determining the intrinsic 'i

ductility of a crystal (References 1, 2 and 3). In particular, dislocations
with planar core structure tend to be more mobile than those whose cores which
dissociate on several crystallographically equivalent planes. However, direct
observations on the dislocation core structure is difficult, if not impossible,
at present. It was proposed that yield strength asymmetry in tensile and com-
pressive tests could be used as an indirect indication of the dislocation core '.-

structure (Reference 16). Following the procedures described in Reference 16,
<011> orientation of the stress axis, which provides the needed data for
determining the tension-compression asymmetry was also included. Finally an •
attempt was made to integrate some of the experimental observations into a
model for predicting ductility behavior of Ni3Al single crystals.

% %".
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2.0 UXPER L MENTAL

2.1 Preparation of Single Crys~al Spetimen

2.1.1 Growth of Single Crystal

Single crystals of alloys gi.ven in !b r -t k'v- -,* * -

modified Bridgeman crystal growth technique. Aboul i S "! ke -" ' L

were melted in vacuum by induction heating '-4n 5i -f pt4tt i 1., t -u

charge. The molten metal was then pourew intj a pre1uf..a ami att- a
with a helical crystal starter at the bott,,m vthth ... .f *.I*(. * . *

water-cooled copper chill. After pouri ng. the wo *.a f ' *.w

the furnace under conditions selected to prxm. growr t ! * . .g. ,aio. *

For most runs, the initial withdraval rate sa. ;!e w t A ac tit;Aa

after which the rate was increased to tO .mmiuhou.t ia th w 4ftft i t
crystal. Based on previous experim"t. this xPc1iqi r , . .~..1 .

crystals with an <001> growth direction. tn s co.e w wto.-. m,'
of temperature and growth rate parameters we. w tir tt4*4 btoto1 qih...-

single crystals could be produced. A oca tc 4togwgs af itw cti.*-. 5tcvwt,%
system is given in Figure 2. More d tails of the 44tawlow o. *c4 .c *
process for growth of single crystals may be ftove i Vl , e 2 h
crystals produced for the current studies are 9G m &in 44aemies *"4 tc ;am
long. Such large crystals are necesary in or t %eve v mstwi ,wa,
for machining of tensile specimens with styro. *sgs o;afs vef;a-ea maC'>t

crystal directions. The appearance of the *ing. roAe. ' mc-i 'tcw 0

the shell mold is shown In Figure .
S

2.1.2 Characterization of Large Single Crjota . :h'.t ,

The single crystal ingots were ceter;.** gi-,as4 ..4 itt-wo * -

determine the presence of any seconary grains. Sw th 1C. f Tterni . wae 0.

marked and the remaining single crystal further ve;r'Ma.r.4 u .oc '4k

reflection Laue x-ray diffraction techviqe. *... qf i ft. * 1"m..;wM44r
(90 mm diameter, 180 = long) of the cry'tais ,ted ;,. .t-4 ... .
variations in crystal orientation due to for iauvo of werei w-o fmt. .t'i

encountered. To obtain an average orientation fnr e ar"u rvoio.o - wal e
necessary to sample the crystal orientation at 4iffqrwn' the "0 - a-

bottom and top faces of the crystal. Typica!T f1re %pOf4 were -(11'

at each end of the single crystal ingot and x-raVed a;'ne -_ axis -,f w
ingot. Examples of the distribution of crystal arinatifn 4atreir4

several locations from the top and bottom faces -f the intev -q.tnt AVia
diffraction technique, are illustrated in Figures A. ; a4 6 1" vhgh t)i,
<001> directions from each location were pietted vith r.Pferrnr* "i irp
orthogonal axes chosen to be parallel to 'he axis if he inntt ad h i4prit j f a

arm directions. The average orientations of 'he cOW> lirpctij'. arcs i1dicated
by square symbols in the plots. Figure A. shows tvat t e 'O.) ur , 4it.-,i
of the Al 240 crystal is several degrees away from the axis -f 'the int and
that there is relatively little scatter in crvstal orientations at V4Ti19.
locations in the crystal. The orientation distribution pot for *Ie Ta i,,
single crystal, given in Figure 5, shows that the <,,tol> rvstai gr Oth lirer-
tion is nearly parallel to the axis of the ingot hut there is repa~viv artc 0
scatter in crystal orientations at various locations, compared vith At 2.40
(Figure 4). An example which shows both a large ieviation 9f tve eDO>I)
crystal growth direction from the ingot axis and relatively large scatter in

-. 'P"
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LJ~j s.* E&lofic rr Lbo Li -4* ru (u 4 it 3,

44 1Lg4 *~ e4Long n , 09 ) . - - S*9.* - Zc* , )..* .. !%t. - .af ,qd~ * W

k4.64 Vkr. 'L Ln4tLr4 a .'-4 aa bj.A--& - 1.411! z I ww* tc

*!La%-4C~ft SAeJhIfl41I)" * W '00 '~L^&* .iW4.... ot 0 'it -

rhe Lflgo.)t to y tLL -:Li lfu e SM 80.F. tca- .,1,1 - .*a &'PMW&1s at c l Ac

%Lt"Gw *or* than* 4uJ.O. L~i hmi4t 'er~ 0 j t' 4P !~ it If 5.- 'he t 'taf

*nd rhoU atiVc 0'.~a .470L~i 'o?, ~A.-~' aL )4-6 !5s 164 1.i t II V

Lv. y% It a t L 1 .L f ho va s %- a-e' t 5. 7! a P Lc ae a aw r o

r L ntAEton oF 1a1 0 t44! h s 6 & r ac f L1 to-i 5, W 0 1t. 6

consuton crovi ho. 18PlOW4en 'Flr 7.1?W-*%4b.4 !n a e. 4a. al ta*lh tae. - I~i

1peIm e. th rns. t I --,I t rofti we.C ee-.4 aOR of !f of t n It, "1 V

hed 4me -wet incouAnl lo , eoa P !~rfrTtg ato w.0 0*ae ta14 ftw-. ws

qlope of the tenisile orras%-arratn -rv 4, a p',~k.; eirin f -i~n w+*'.Ifh
the rates of hArtinM 4PPW44VOd f.-V TOA.h tlo.a4 v -. ,00 ;n 1I ac a

'91 and 700K.

.3 Characterization of ~ir t~'rsand Dof-,-at ;'- leitevirot

MOe microstructur@ If Pach of the allovs %as deteruln~ using Rfn~r
Optical metallographic technique@s. T'ho coapposit ion -4 pases present in
selected alloys wpre studied uasing a quantitat ive Pectr-rn sictrnpr- be fcprh-
nique with elemental qtandards as references.

As tensile testing was conducted in air surface slip line analvsis was
not possible for must cases due to the oxidized surfaces. The defor-mation %e
behavior was analyzed using transmission electron microscopv (TFE ) techniques.

For TiE1 analysis. 3 rmdiameter discs were taken from wafers cut with a%
cOiamond saw parallel to the primary octahedral slip plane and both octahedral%
and cube planes for specimens tested at elevated temperatures. The foils were
electropolished using a solution of 6% perchloric Acid in equal parts ofS

methanol, ethanol and butanol in a Fischione twin jet electropolisher operated
at 30V, 7 nA/nm. and 258K. The dislocation characters and nature of stacking P~,

faults was studied in various diffraction contrast conditons. The a/.1<110> p

6
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rype 4IL*LCatton* ~Wfrf L*JRE iLt -od 4sLng g :rterion, &sn4 the critern
iuk t IL fe d. by t m~ r e . Al . ( k et r e n ke A ) V n fe st 4 ) 11..~ si o c a t Io n s w I I be \ ILfI/LSLblft !i U !1/ 3, ---/ i i -41 dn4 vi~ie itb *,3 3 !1
Jir !. rhe LIntrLn~tc/exrLftdI . ftd.~re Jr staciting faul.ts wa determin~ed by
observtag chAnges in fringe contrast AE t.,e top and1 bttoe of the toil foll.owed
the procedu.res At Koute and HA~hLawrto et. 41 kRaereence 19).
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3. U.

The preparation of the large single crystals 0 ma in JIMter and 180 -m

tons prov44 to be a majo~r chaLleftge. 't to* founwd that crystals of *so.me
alloy* cou.ld be drotsm relatively ea611Y wtotite attsrs requi~red soveral runs,
each with a different combtn.at~N of t i prrEu an4 grovwth race Paratrs,
beforw high qut.aity single :ryvzals 1ovJ4 be pr-,4%&Mce4. Ltftormftndl. grawnth
of LArge .tngLa ceystats it AtL5 &n a i.i :)4 1*4* Usepie severali

rtAL* for each )t the"e 4Ltoys. SM4..o crystA ,.5 M 314motr Lera) 0 A

ZSO were produce4 wftL~h nocosarigLy ~'.tto khe *to"e of av44,4anW lo ot this

partLt6Lar alloy, %L1 lif 4 sinlt -':nat*. V01 obt~ankh.. ^dote the 0140
ran$e -if 1rovth s43eifte t't wwa.'4 Cd~mp*1!it*S Ut the ong & cry&1.4
tngote an. givenf in 1&~ *A4 Ohio*~ Siflot 4&vt. otdf Itoe 9he *is

1. La

rhe NSLAL phavo ,ncrea.... with Lftrooooftig A. 'co~i~on t 4 *bmcm-t CJ vcjcM
percent w&% tiborv*4 in AL ."r in vftirh !%a SIA4 phao !atvw4 so 6.cf4tilea
rho it row~c.r. ' A. 't s'. & A ." tw^&ne.4 wtilr*hn
while AL '4Q was oLevot cepfne~ih vaene4 -offer !So%" he t~c 1n~tn *1
L4771 for 11OO hors. 4 41ft4 AapoItn Wet*ov* l~. ~ ~;
10termined taing oLGectr';3M Sice".,peobe !6< Wiws0 w4M 1he 10"0a of0 J t Wfi 41-i

abewhich *how that the %i A; to . gM.-F hr-1 ~tiahictc V14 Snt4 Phvpo
4rochlomeetlr tM ALair% AL . and*1 A- -% torws.ier

T.,rho mivo rrctjros -if Ph* oft-- iit4~ ~pa t.oat V.,

qkmiLar. rho .effruco are priteorit. ;n Thin .0iwJJa aft4 1at hl* he

phases. therefors. -ScCst ractav W sv*<tr StecraIVtobv vooi4.t a t& ;,to-'
sented for Sn .'i4 onir. ither aLil'rsv *howod oiai~ar fcw. 1 51ter '#C; ehcivra
ScAnning electtnn Gicr~ilrapts if The 5Lnt~4a. A :;& 4j"I' ai C~ Tvala,
In the as-cast condition. t.prvsovwe f 1hr"e 4ff~te-1 phaibo. She &.4 A.
3 and C in Figure 10b. is 4piparent. Nea trv-fin the 5-~f~ C hmvto *I
1339K pro-duced no imo~tChawtt in !the laicr r~.- Vi~t 4_1r'a

the phase boundaries becam oure istlnct. A 1 shKVW i n 7411,i@ 4.0-P 6n

in phase composition tovk place Jartig Neat t rvatnl. 'abie &. o. rthrm
that Pbase A. the major constituePnt, is tho torr-7 L.. rhawo lWj1A. rhaw. It
Is probably a0 1? phase Sti Al subtitttt at The So. gu~batlice's' *il a".
Is probably a 88 vpo codwoun^d St 15n,. again vith *nm sttutirom '4 A; "tli

the Sn sublattico. As will be sh6wnilater. These g4econdar- nrtY
phases are rather brittle and resulted in prema-irv failmn-s -f *ei the
Sn-modified single crydstal specimens.

The *icrostrxactureg of the* tantalumn-containing Vi A; alic'vg c-nsist
Ni Al and NiAl phases. As expected, *-he amout of the WiAl phase increanplt

whthe aluinunm content and reaches about 8 volum P'ercenit in allov '1a
which contains the highest Al content. Both the microstr-ucture and phase
composition in the tantalum-containing alloys were foxavd to be rather stable;
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(Figure 12). The compositions of the phases in alloy Ta 225 are shown in
Table 5 which shows ai much larger solubility for Ta in Mi Al, than in the SiAl
phase. Further, if one assumes that all the Ta atoms occupy only the Al



sublattice sites, then the LI2 phase in Ta 225 is h5yperstoichiometric as
intended.

3.2 Strength of Ni3AI Alloys
3 , Dd4 f

3.2.1 Yield Behavior

A comparative study of yield strengths in the binary and ternary
alloys is considered crucial to a basic understanding of the ductility of this
class of materials. Tensile testing was conducted in the four major orienta-
tions <001>,<011>,<lll> and o123> beLween room temperature and 1144K at a J. J
nominal strain rate of 3xl0 per second. To provide a further characteriza- %
tion of plastic anisotropy compression tests were also cnnducted in the <001>
and <0l> orientations at approximately the same strain rate condition for two
off-stoichiometric variants of both the binary and tantal'.m-modified alloys.
These orientations were chosen since they are known to show a maximum flip-flop
in tensile and compressive yield strengths (Reference 9).

It was noted that the ductility of the tin-modified alloys An 204 and Sn
214 was consistently low. generaqily below 52 regardless of the orientation of
the stress axis and that the tensile yield strengths were found to be consid-
erably lower than those obtained in compression. Sectioning of tensile tested
specimens revealed extensive cracking of the secondary phases. as shown in
Figure 13. which no doubt resulted in the low apparent tensile yield strengths
and premature tensile failures observwd. Therefore. the tensile data obtained S
for the tin-contatning alloys will it_ be discuss d any further. The tensile
yield strength and the ultimate tensile strength are plotted against tempera-
ture for all the four major orientations for the alloys Al 240. Al 250 and Al
270 in figure E4 and for alloys Ta 195. Ta 20S and Ta 225 in Figure I5. The
results are also listed in Tables to 12 for each alloy in with angular
coordinates describing actual axial orientation for each specimen. It can be
verified that in aLmo~t all cases the actual orientation is within 10" of the
designated major orientation. Thus for most of the qualitative discussion the
!6sLn't:± orientation is sufficiently accurate. Rwwver,. for quantitative
evaluation of resolved shear stresses the actual calculated values were used
4s listed in the tables.

Note that in all six alloys there is evidence of an increase in Yield
strength with temperature at least for the <00;> orientation. for the nickel-
rich binary alloy (Al 240) the anomalous bohavior is %trmgi displayed by all
orientations and the yield strengths reach a maximum at about 10001. with
increasing aluminum content. the Yield strength peak Temperature shifts to.
700K. Nonetheless. the absolute level of strength and the nature of the
orientation dependence of the vield strength are not altered significantly.
In contrast, for the ternary alloys with increasing aluminum content, the peak
temperature is lowered to a Lesser extent but the absolute 1evel of strength
and the orientation dependence of strength are strong!T affected. %ote for
example that for the nickel-rich Ta 195 the <1!:> orientation is strrmger than ..*
<001> orientation below 800K but for the stoichiometric aiov "a 205 <001>
orientation is significantly stronger than <,;i> orientation at all tmpera-
tures above root temperature. in other words while the strength cross-over
between <001> and <I1 orientations occur at around ROOK in the case of Ta
195, for Ta 205 and Ta 225 it occurs near room temperature. The temperature
dependence of ultimate tensile strength parallels the observations for vield
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strength, albeit at a higher strength level showing lesser anomalous rise in
strength. *

To understand the yield strength observations in a fundamental sense, it
is essential to analyze the results in terms of resolved shear stresses on the
operating slip systems for the materials. This is a trivial exercise for

materials deforming by one family of slip systems with Schmid's law being
strictly obeyed. Such would be a case for disordered solid solution alloys
with face centered cubic (fcc) structure where deformation can be assumed to
occur on octahedral slip systems with little deviation from Schmid's law.
Conformance to Schmid's law allows determination of a unique value of critical
resolved shear stress (CRSS) for the operating slip system, independent of the
orientation of the stress axis. However, for the class of Li ordered

2compounds under consideration two factors complicate such an analysis. First,
even without considering other complicating factors (see later discussion) the
deformation behavior must be described in terms of two possible slip systems.
These are {111}<110> octahedral type slip systems and {100}<110> cube type
slip systems. Secondly, it is well established that Schmid's law is not
strictly obeyed. That is the CRSS is not an invariant with orientation of the
stress axis. The CRSS for octahedral slip is perturbed by the dislocation
core transformation due to the constricting shear component of the stress
tenser in <112> directions (Reference 16). This deviation is best assessed by
the tension/compression asymmetry as presented later in this section. Never-
theless for the purpose of comprehending the preceding complex observations of
yield strength behavior, it is useful to phenomenologically assume that the
two slip systems operate independently without mutual perturbation and that
the Schmid's law is approximately valid.

With those simplifying assumption the temperature dependence of the CRSS
for octahedral slip can be easily deduced using the actual resolved shear
stress (RSS) values for the <001> orientation. These values are calculated
for each alloy and listed in Tables 7 to 12. The choice of <001> orientation
is appropriate since the resolved shear stress for cube slip in the vicinity
<001> is insignificant. The determination of CRSS for cube slip, however,
needs some extrapolation. At temperatures where the yield strength of <111>
orientation is comparable or lower than the yield strength of the <001>
orientation, the CRSS for cube slip can be calculated using the yield strength
values for the <II1> orientation. This is valid since it can be shown that if
octahedral slip were the only operative slip system, then based on the ratio 6
of Schmid factors the yield strength of <111> orientation should be exactly
1.5 times the yield strength of <001> orientation. Thus for comparable yield
strength values for the <001> and <111> orientations, independent operation of
cube slip can be safely assumed. At temperatures where the yield strength of
<111> orientation is higher than that of <001> orientation, it is not possible
to determine the CRSS of cube slip without possibly studying pure shear S
deformation. In this case the CRSS for cube slip is assumed to increase with
decreasing temperature and the low temperature values determined by extrapo-
lation. In this manner CRSS as a function of temperature for both cube and
octahedral slip has been deduced for four &lloys as presented in Figure 16.
The extent of error shown by shaded band for the CRSS plot of octahedral slip
is derived from a tension compression asymmetry experiments as discussed S
later. N

10

0. J? de, % %~., e~ r



A comparison of these plots of CUSS versus temperature in Figure 11

clearly shows the trend in the interrelation be0E~ the CRSS O the TVo slip

systems for the four alloys representing the extremes in the binary and

ternary alloys. For the nickel rich binary alloy Al 240 the cross-over

between the CRSS of cube and octahedral slip occurs at the highest te-perature
of around 925K among the alloys evaluated. With increasing aluminum content

for the alloy Al 270 the cross-over temperature is decreased though not
sharply defined. For the ternary nickel rich alloy Ta 195 the cube slip
becomes a competing slip mode at even lower temperature. Finally the aluminum
rich ternary alloy the two slip systems become equal in strength at as low as
600K. These observations are consistent with our observations of dislocation

structure in these alloys. No clear evidence of cube slip has been obtained
for the binary nickel-rich alloy Al 240 where cube slip is expected to be

activated at higher temperature only. In contrast for ternary alloys evidence
or cube slip is readily obtained consistent with the low CRSS for cube slip at 0

lower temperature. It is also interesting to note that while the CRSS for
octahedral slip is significantly enhanced at lower temperatures with ternary
additions, the CRSS for cube slip is not altered to a great extent. The
implication of these findings on ductility will be discussed in Section 4.0.

3.2.2 Tension/Compression Asymmetry of Yield Strength 0

In the preceding section it was noted that the assumption of strict -

validity of Schmid's law is not correct. To assess the deviation from Schmid's

law, which is attributed to dislocation core constriction effect, compression
tests were carried out at room temperature and 700K for the alloys Al 240, Al
270, Ta 195 and Ta 225 in both <001> and <Oil> orientations. The results are
presented in Table 13. The room temperature data for all four alloys are also
compared using in Figure 17. The data for 700K are similar in nature except
for the Al 240 alloy. If Schmid's law were strictly valid one would expect
both <001> and <011> orientations to have equal yield strength both in tension -
and compression since the Schmid factors in both orientations are identical
for octahedral slip system. Clearly such is not the case for the ternary
alloys is apparent from Figure 17. The deviation is of the order of 100 and
200 MPa for the Ta 195 and Ta 225 alloys respectively. This is consistent
with the observed tension/compression asymmetry for tantalum and niobium
modified ternary alloys as published in the literature (References 9 and 16),
in both cases here the <001> orientation is observed to be stronger than <011> V.

orientation in tension and vise versa in compression. This behavior is quite
well explained in terms of a constriction stress parameter which either leads %
to constriction or extension of superdislocation core structure thereby aiding
or abating the cube-cross slip process and effectively enhancing or reducing
the CRSS for octahedral slip respectively. The critical aspect of the mecha-
nism is that the behavior is reversed in going from tension to compression for 0.
the same orientation. Qualitatively a greater magnitude of asymmetry repre-
sents a wider spread of core structure. For dislocations with a truly singular
core structure, it is difficult to envision effect of any other component of
stress tensor, other than the resolved shear stress on the glide plane,
playing significant role in determining the motion of dislocation. Dependence
of deformation behavior on more than one shear component of the stress tensor
is essentially obsnrved as deviation from Schmid's law. 0
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For the binary alloys, owing to the lower absolute magnitude of the I
stress it is difficult to convincingly conclude any significant deviation from
Schmid's law. Considering a variation in crystallographic orientation and the
fact that the tension and compression tests were not carried out on the same
specimens, the deviation in strength does not seem statistically meaningful.
Nevertheless to be consistent we have attempted to estimate the extent of
error involved in deducing the CRSS for octahedral slip system as plotted in
Figure 16 for all alloys. This is calculated as a difference between the
maximum and the minimum values of the yield strengths for the <001> and <011>
orientations at room temperature for all alloys. A shaded band equivalent to
this difference is shown in Figure 16 for the CRSS curves for octahedral slip
and is allowed to shrink with increasing temperature to reflect the fact that
one expects the effect to vanish at higher temperatures. Even with this crude
quantitative estimate, it is clear that the deviation from Schmid's law
increases with increasing aluminum content and ternary addition. Thus the
decrease in the cross-over temperature of the CRSS of cube and octahedral slip
systems parallels an increase in tension compression asymmetry or deviation
from Schmid's law in going from a nickel rich binary alloy Al 240 to aluminum
rich ternary alloy Ta 225. Without further theoretical development it is
difficult to understand the factors affecting the dislocation core structure
and the relative values of CRSS for the two slip systems.

Note that in all six alloys there is evidence of anomalous increase in
yield strength with temperature at Laast for the <001> orientation. For the
nickel-rich binary alloy (Al 240) the anomalous behavior is strongly displayed
by all orientations and the yield strengths reach a maximum at about 1000K.
With increasing aluminum content, the yield strength peak temperature shifts
to 700K.

3.3 Strain Hardening

Generally, for a given test condition the rate of strain hardening in a
an alloy changes depending on the level of strain/dislocation structure. For 0
single crystals, stages of strain hardening have been observed which were
shown to be associated with different dislocation mobilities (Reference 20).
Figures 18 and 19 show examples of the tensile stress and strain behavior for
some of the alloys studied - Al 240 and Ta 195 at 293K, 700K, 1033K and 1144K.
The strain hardening behavior is seen to be dependent on the orientation of
the stress axis, temperature, alloy composition and strain level. For a given S
alloy and specific stress axis orientation, the work hardening rate is rela-
tively constant with strain at the two lower temperatures. However, at higher
temperatures, softening, following initial strain hardening, can be observed
in both alloys. This phenomenon is more pronounced in the binary alloys,
indicating operation of thermally activated recovery mechanisms. We shall
restrict our ductility study primarily to lower temperatures where recovery is
not an important complicating factor. Strain hardening measurements were
made, whenever possible, at about 5% strain when the rate of hardening ap- %
proaches a steady state value for most alloys. However, as will be shown in
Section 3.4 a number of specimens failed at less than 5% strain and therefore, %
observations of their strain hardening behavior as a function of stoichiometry
and alloying addition are rather limited. Figures 20 and 21 show the strain
hardening data for the binary alloys and the tantalum-modified ternary alloys
at 293K and 700K. Several interesting trends can be observed from these
figures. In the binary alloys, the work hardening increases with increasing
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temperature and aluminum content. For a given temperature and stoichiometry
the working hardening also changes with the orientation of the stress axis,
and in the binary alloys work hardening increases in the following order:
<110>, <123>, <001> and <111>. In this case a clear correlation of strain
hardening and ductility can be made, ductility is inversely related to strain
hardening. Ductility results will be presented in Section 3.4.

The strain hardening behavior of the tantalum-modified alloys differs
from that of the binary alloys in several important ways. For a given orien-
tation and at room temperature the magnitude of strain hardening is generally
higher in the ternary alloys than the binary alloys of corresponding stoichio-
metry. As will be shown in Section 4.3, differences in work hardening between
the binary and ternary alloys are basically related to the type of dislocations
present. At 700K, the strain hardening in the ternary alloys is reduced
rather than increased as in the binary alloy. As will be shown in Section S
3.5, the drop in strain hardening in the ternary alloy at higher temperature
is related to the activation of the {0011<110> slip mode. An inverse relation
between strain hardening and ductility can also be observed in the ternary
alloys.

3.4 Tensile Ductility

The general effects of alloy composition and test temperature on the
tensile ductility of boron-doped polycrystalline nickel base Li2 alloys are
now well known. In particular, ductility decreases with increasing aluminum
content and/or additions of strengthening solutes and with increasing tempera-
ture. The drop in ductility at low temperatures is usually attributed to a 0
compositional effect on the grain boundary segregation behavior of boron
(Reference 21). The decrease in ductility with increasing temperature has
been attributed to environmental effects (Reference 22) and deformation on
{001}<i10> slip systems (Reference 23). One of the objectives of this program
are to determine the relative importance of these ductility limiting factors
and provide insights into the intrinsic ductility behavior of the nickel-base
Li2 alloys. N

Tensile ductility of single crystals of binary alloys with aluminum
levels of 23.5, 25.0 and 26.5 atom percent (alloys Al-240, Al-250 and Al-270)
and their tantalum-modified counterparts Ta-195, Ta-205 and Ta-225 are shown
as a function of stress axis orientation and temperature in Figure 22. First
examining the ductility behavior of Al 240, one sees that the ductility in
this alloy is strongly influenced by the orientation of the stress axis.
Below the yield stress peak temperature, at about 1033K, the ductility de-
creases in the order <011>, <123>, <001> and <111> and for a given stress axis
orientation, the ductility decreases with increasing temperature. Both of
these ductility trends can be correlated with the work hardening behavior
described previously in Section 3.3. Higher ductility is associated
with lower work hardening. The relationship between stress orientation,
ductility and work hardening is treated analytically in Section 4.0

Several interesting alloy compositional effects are obvious from Figure
1. Generally the ductility decreases with increasing aluminum content at _

temperatures below the yield strength peak. The hypostoichiometric alloys Al -r
240 and Ta 195 are considerably more ductile than the hyperstoichiometric
alloys Al 270 and Ta 225 respectively. The stoichiometric effect on ductility
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ternary alloy is enhanced, rather than r*duc*4 as in tt <*&* of !tw biftot'
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ments in these crystals resulted from slip on (OOl)t110) .stame vtwich b.crmo
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strength peak. Although the operation of the (001) k10) *stst can ;o&.4 to

high ductility in a solute strengthened alloy in single cystal form, it en 4
to reduce the ductility of the alloy in polycrystalliai for% duo to ea-tin
incompatibility at grain boundaries. Thus one would espect the dwcti, y cf
polycrystalline Ta 195 to be lower than Al 4140 at room towfratufr and the
difference would be larger at teeratures slightly below the y1e14 .tvtanha
peak. This has indeed been observed (Reference 24).

3.5 Dislocation Characteristics and DeforwAtion behavior

3.5.1 Binary Ni 3Al Alloys ,.

We shall start with the stoichiomatric Ni Al alloy. a baseline for
observations on off-stoichiomatric effects. Recently. Baker and Schulson ,4
studied in detail the dislocations and stacking faults in the stoichicsetric
alloy as a function of deformation tomperature in the range 7' to 1032K 0
(References 25 and 26). Partly out of necessity because of our unsuccessful %

attempts to grow large single crystals of this alloy, we shall use primarily
Baker and Schulson's results as a reference. Baker and Schulson observed two
types of dislocations in the stoichiometric Ni 3Al alloy: anti-phase boundary
(APB) coupled screw dislocations with a Burgers vector of a12<ll0> and super-
lattice intrinsic stacking fault (SISF) - coupled dislocations with a Burgers S
vector of a/3<211>. At low temperature (77 to 673K) both types of dislocations
were found to be present and at high temperatures (873 to 1023K) most disloca-

tions were observed to be the APB pairs. In addition, a transition from
octahedral (1111 slip to cube {001) slip was found to occur near the yield
strength peak temperature. Figure 23 shows the appearance of dislocations in
Al 250 produced by straining along <111> at 1144K. At least two sets of •

dislocations can be observed. Diffraction contrast analysis indicated that
the dislocations were APB-coupled screws with a/2[1011 and a/21101] Burgers . _
vectors and lie on cube (010) planes. These observations are entirely consis-
tent with Baker and Schulson's results. ." .4-

Tensile straining of the hypostoichiometric Al 240 at 293K resulted in 5
both stacking faults and dislocations which both lie on (111} planes (Figure
24). The stacking faults were determined to be of the SISF type. However,
the exact character of the dislocations has not yet been determined. Electron
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diffraction contrast results indicated that these dislocations were definitely
not the APB-coupled screws. The presence of SISF suggests perhaps SISF-
coupled dislocations as observed by Baker and Schulson in the stoichiometric •
alloy. However, diffraction contrast experiments were unable to confirm the
a/3<112> type dislocations as the bounding partials. Perhaps a more complex
dislocation dissociation scheme is operative in Al 240 which involves the
formation of APB and complex stacking fault (CSF) and a/6<112> partial dislo-
cations as described by equation (1) (Section 1.0) which was proposed by
Marcinkowski et al. (Reference 11). On the other hand, a different type of
dislocation was produced in A1240 by straining at 1033K (Figure 25). In this
case the dislocations were unambiguously identified as the APB-coupled screws
having an a/2<110> Burgers vector, similar to those observed in the stoichio-
metric alloy. However, unlike the stoichiometric alloy, cube slip was not
observed in Al 240 up to the highest test temperature (1144K) even for the
most favorable stress condition (straining along <111>). Thus, reducing the S
aluminum content promotes SISF type dislocations at low temperatures and
suppresses cube slip at high temperatures.

Turning now to the hyperstoichiometric Al 270, the dislocations observed
here are APB-coupled screws with a/2<110> Burgers vectors. The type of dislo-
cations remain unchanged for deformation in the temperature range studied of 0
293 to 1144K. Further, no SISF were found in this alloy. Although the
dislocations produced by high temperature deformation are similar for all the
binary alloys, important differences in the spacing of the superlattice
partials bounding the APB can be observed as shown in Figure 26. The spacing
of the partials which were imaged using a weak beam dark field technique were
measired to be 5 nm and 3.5 nm and the calculated APB energies are 163 and 233
mJ/m for Al 240 and Al 270, respectively, indicating an increase in APB
energy with increasing aluminum content. As in the stoichiometric alloy, cube
slip was also observed in Al 270 after high temperature deformation. Figure
27 shows the dislocation activity on (001) plane resulting from about 4%
tensile strain along <123> at 1033K. Thus increasing the aluminum content
suppresses the formation of SISF and increases the APB energy.

3.5.2 Tantalum-Modified Ternary Ni3Al Alloys

Relative to the binary alloys, three important differences were
observed. Throughout the entire temperature range studied of 293 to 1144K,
the dislocations in Ta 195, Ta 205 and Ta 225 were found to be similar and are 0
the APB-coupled screws with a/2<110> Burgers vectors. No stacking faults were
observed in specimens deformed at 293K even for Ta195 which has the lowest
aluminum content (Figure 27). Secondly, the spacing of the dislocation pairs
in the ternary alloys must be considerably less than the smallest spacing of
3.5 ran determined in the binary alloy Al 270, as it was not possible to
resolve the dislocation pairs even in Ta 195 which is expected to have the
largest spacing in this alloy series. Thirdly, cube slip occurs more readily
in the Ta- modified alloys than in the stoichiometrically equivalent binary
alloys. Figure 28 shows profusion of slip on (100) planes in Ta 195 due to
straining at 1033K; no cube slip in A1240 was observed even at 1144K. Fur-
ther, evidence for cube slip at even lower temperatures in this alloy can be
observed in the ductility versus temperature curve shown in Figure 22. The 5
rapid rise in ductility with increasing temperature starting at 600K in the
specimens strained along <111> and <123> axes is a strong indication of cube
slip activity.
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In summary, the effects of tantalum additions on the dislcati . &nd
deformation behavior in Ni Al appear to be similar to increasing the altmwnu m
content in binary Ni3Al. ither alloying change suppresses the formation o
SISF, increases APB energy and promotes cube slip. On a per atom basis. the

tantalum effects are more potent.

3.6 Fracture Behavior

In the final analysis, it is the fracture which limits the duct ,i__

of an alloy. Thus, basic understanding of the fracture mechanisms and fracture
criteria of single crystals would provide additional insights into the in-
trinsic ductility behavior. In the present program, fracture in the binry
Ni Al and tantalum-modified single crystals were studied as a function of
alloy stoichiometry, stress axis and temperature. Fracture surfaces were
characterized in terms of the general appearance and orientations of the shear
facets which were determined primarily from geometric measurements. Limited
x-ray diffraction measurements were also used to confirm results derived rom
geometrical measurements. In fractures which consist of mall facets the
indexing of the facets was experimentally more difficult and results are less
certain. The appearances of fracture in the binary alloys Al 240 and Al 270
at 293 and 700K are shown in Figures 29 and 30, respectively and the orienta- 0
tions of the shear facets summarized in Table 6. It can be seen from these
results that the fracture behavior in Ni Al alloys is quite complex. It
varies significantly with alloy composition, temperature and stress axis. For
a given temperature and alloy composition, for example Al 240 at 293K. fracture ,

on {100), {110} and {111} was observed depending on the specific orientation
of the stress axis. The observations in binary alloys are in contrast to S
those by Aoki and Izumi on Ni (Al, Ti) and Ni Ge in which they observed that
fractures in these two compounds occurred by cleavage on (001) facets only
(References 13 and 14). Further, Aoki and Izumi showed that the fractures in
Ni 3 (Al, Ti) and Ni3Ge occurred when the normal stress on the (001) planes
reached a critical value, i.e. the normal stress fracture criterion applied.
Because the fracture in binary Ni Al crystals occurs on different fracture
planes depending on the stress axis orientation, obviously the fracture
criterion is more complex. The fracture behavior of the tantalum-modified %
alloys is different from the binary alloys but equally complex. At present,
we are unable to determine quantitatively an appropriate fracture criterion
for either the binary or the tantalum-modified alloys. However, the following
approach is suggested for future development of fracture criteria in Ni3Al r%
alloys.

The approach is based on two important observations. There was no .* #

necking in fractures below the peak yield stress temperature in both alloy
systems, indicating that, macroscopically, fractures at these temperatures
occur in a brittle manner. Secondly, surface cracks were often observed prior S
to fracture. These observations suggest a critical stage in the fracture of
these alloys is the formation of surface cracks of critical size. Thus, an
appropriate fracture criterion will have to take into consideration the
mechanisms of surface crack formation and propagation. Since surface steps
could provide stress concentrations as large as cracks (Reference 27), they
also could be considered as a candidate for fracture initiation. Of interest 0
for intrinsic ductility are the surface steps produced by slip. For a given I

surface step radius and angle, the stress concentration increases with the
step height (Reference 27). It could be hypothesized that a surface crack A,
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would form when the stress concentration/step height reaches a critical value.
4echanistically this means that a crack would form after a critical amount of
shear on a slip system. We shall use this concept in modeling the ductility
behavior in the Ni At alloys in Section 4.2.

N,
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4.0 DISCUSSION

An important barrier to development of intermetallic compounds for high
temperature applications is the brittleness observed at various temperatures.
One of the objectives of this program is to gain insight into the brittleness
problem through a basic understanding of the relationship of dislocation
behavior and tensile ductility of the compound in single crystal form (intrin-
sic ductility). The compound selected, the LI2 ordered Ni3Al, exhibits many
complex dislocation characteristics and serves as a good prototype for other
intermetallics. Current theoretical understanding of alloying effect on Li2
phase stability and dislocation structural configurations indicate that
macroalloying technique could be used to produce a variety of dislocation
behavior in the Ni Al phase. The selected alloying changes were modification
of nickel content ?stoichiometry), addition of tantalum and tin. The expected
dislocation structural configuration, summarized schematically in Figure 1,
were CS/APB coupled dislocations in nickel-rich (hypostoichiometric) binary
alloys, APB-coupled dislocations in tantalum-modified alloys and SISF-coupled
dislocations in tin-modified alloys. Further, the tantalum addition tends to
result in nonplanar dislocation core structure, adding yet another variation
in dislocation behavior. Nine alloys with compositions given in Table I were
selected. Since the ductility in Ni Al single crystal is known to be aniso- S

3
tropic and temperature dependent tensile testing of the single crystal speci- "
mens was conducted on stress axes <001>, <011>, <111> and <123> and at 293,
700, 1033 and 1144K. The stress axes were selected to study the interaction
of octahedral and cube slip and the tension-compression yield strength asym- '

metry which is an indication of dislocation core structure. To fabricate
tensile specimens of these orientations and with dimensions adequate for
realistic tensile tests, large single crystals 90 mm diameter and 180 - long
were grown. No previous single crystal study program of this magnitude is
known to the authors. To produce such large crystals of the selected nine
alloys and the necessary background of the solidification behavior in most
cases, proved to be a major task. We were successful in producing good
quality large crystals of the selected alloys except Al 250 and Sn 234.
Single crystals of Al 250 were produced as 25 mm diameter ingots but the 0%-%
growth of Sn 234 single crystal was unsuccessful using a variety of growth ONO
conditions. Thus only eight alloys were tested. Unfortunately results from
only six alloys were useful all the tin-containing specimens failed prematurely %
by cracking initiated in the secondary intermetallic phases which formed in
the alloys during solidification. 0

As noted above the focus of this study was the attempt to explain tensile
ductility elucidated by dislocations and tension-compression asymmetry tech-
niques. In addition strength levels, strain hardening and fracture behavior
of the crystals were also studied. Important results are summarized and
discussed below. •

4.1 Effect of Temperature and Orientation on Ductility

Results summarized in Figure 22 show that the ductility behavior is
rather complex. Both orientation and temperature have major effects on
ductility and the effects vary significantly between alloys. For the binary 0
alloys ductility generally decreases with increasing temperature for all-%P
orientations and reaches a minimum at about 1000K for Al 240. The ductility
minimums for the Al 250 and Al 270 are in the temperature range 700K to 1000K
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certain alloys. We have not attempted to analyse the details of these processes

directly but consider that the number of dynamic slip svstca interactions will
be a measure of the frequency of immobilization events and that work hardening
rate will be an index of the strength of the interactions. Thus by ,sing the
CRSS information, shown in Figure 16 and the work hardening rates sumarized

in Figures 21 and 22 ductility trends can be explained. For example in alloy _
Al 240 only octahedral slip systems can be activated because of the high CRSS

on the cube system. As predicted the <123> and <110> orientations which have_ -''-

larger shear stress on the octahedral systems and/or smaller number of compet-

ing slip systems show higher ductility than <ill and <001> orientations. As
temperature increases, the cube slip systems become increasingly favored thus

increasing the slip interactions which may account in part for the general
drop in ductility. The proximity of the temperatures of ductility minimum and
the cross-over of the CRSS for octahedral and cube slip may be significant.

The ductility trends in Al 270 can be explained similarly. Note that in Al P
270, the relative differences in CRSS between the octahedral and cube systems
are considerably smaller and the equi-CRSS temperature is also lower. This

could partly explain Lhe generally lower ductility level and lower temperature 0
for minimum ductility in this alloy compared with Al 240.

The next section develops a quantitative model for these processes and
can account for the ductility behavior within alloys. However, it cannot ,_%

account for the large effect of alloy composition on the absolute values of %
ductility, an issue that is treated in Section 4.3. •
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4.2 Modeling of Orientation Dependence of Ductility

Experimental determination of orientation dependence of ductility was S

carried out with the objective of gaining an insight into the intrinsic
ductility. The concept was to use the crystallographic orientation of a
simple tensile state of stress as a variable to probe the behavior of two slip
systems and the interaction between them. As a first step towards achieving
this objective an attempt has been made to rationalize the orientation depen-
dence of ductility by evolving a mathematical model. The model is aimed at
providing a quantitative expression for two qualitative concepts which are
well recognized. The first concept or requirement is that in a single crystal
body the total strain must be resolved as shear strains distributed among %
various slip systems somehow in proportion to the resolved shear stresses as
well as satisfying compatibility conditions. Thus a symmetric orientation is
expected to deform by multiple slip systems and an unsymmetrical orientation S

by largely a single slip system with extensive rotation. The second concept
is that the larger the number of operating slip systems, the larger may be the
interaction and work hardening. Thus for a symmetric orientation, greater
interactions from other slip systems are expected with an increase in work
hardening and decrease in ductility. While for an unsymmetrical orientation
deforming by single slip, a lesser amount of work hardening is expected with S
higher ductility.

However, if there were no interactions between the slip systems the ..

concept of proper shear strain distribution would indicate the multiple slip,
symmetric orientation to have the largest tensile ductility and the single
slip orientation to have the least. This is on the assumption that fracture 0
will occur at an equal shear strain on the operating slip system irrespective
of the orientation of the tensile axis. Clearly the concept of strain distri-
bution and the mutual interactions between the slip systems act in opposition. Y.
Furthermore, except for the most symmetric orientation at the corners and
boundaries of a standard stereographic triangle there are no orientations
which can be classified either as single or multiple slip. One of the objec- ;.- .
tives of the model is to mathematically provide a weighing of various slip
systems based on the relative values of the resolved shear stresses, so that %
all orientations can be treated in a continuous manner and the opposing 0
effects of strain distribution and mutual interactions on ductility can be
assessed on a more quantitative basis.

For a large deformation, rigorously it is essential to consider the
rotation of the stress axis. However, it can be shown that ignoring the
rotation , even at a total strain of 50%, introduces no more than 4% error
than the tensile strain calculated using the following simple relationship .

= (aij. a jk ()

where e.. is the tensile strain

Yjk is the shear strain on the operative slip system (jk) and
a.. and a are cosines of angles between the stress axis

and t e slip plane (j) and slip direction (k) respectively.
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In a more familiar term

(aij.a ik ) is the Schmid factor for the slip system.

Accepting Equation (1) as approximately valid, the total tensile strain
in an Li compound deforming by both octahedral and cube slip systems must be
expressei as follows:

Oct. Cube

fii =E 1 aij'aiklo Yjko + E aijaikic Yjkc (2)

The additional subscripts (o) and (c) in all equations refer to octahedral and ..-

cube slip systems, respectively. 0

Now in order to achieve an approximately correct strain distribution we shall
ignore any compatibility constraints by assuming a freely deforming volume of
material. In addition, we will assume that for each family of slip systems a
characteristic linear relationship exists between the shear strain and shear
stress which is independent of strain rate. In making this assumption we are S

allowing deformation to take place well below the CRSS for the particular slip
system. If this is not done, it is difficult to account for interactions from
other than primary slip systems without invoking a complex integration process.

Thus we assume that
jko = B r = B a..a kI i (3)

o jko 0 jaiklo ii

and

*tjkc = B Tjkc = B I aj.aiklc 'ii (4)

where a.. is the applied tensile stress.

Substituting Equations (3) and (4) in Equation (2) yields:

SOct. Cube1 10
2 2

Now = [BoZI aijfaiklo + Bc I a ik cPi ()

Now we can relate the shear strain on the primary slip system and the total
tensile strain again using the Equation (2) as follows.

Oct. Cube
2 2

B I a. aikI + Bc aj.. a
0 .i o 'ikc (6)

BI aiaiklop p

where the additional subscript (p) refers to the primary slip system.
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In order to reconcile the two parameters B and 3 for the two families of
octahedral and cube slip systems, respectiveiv, we can qualitatively reason a
relationship between them. It is reasonable to expect that the glide of
dislocations on one or the other slip system will be controlled by their
relative values of CRSS. A system with a higher CRSS is expected to be less
active at a given shear stress than a system with a lower CRSS. Thus we can
assume that the ratio of these parameters will be inversely proportional to
their CRSS values.

That is B (CRSS)
o cubeR (7)

B c (CRSS)Oct.

Substituting the Equation (7) into Equation (6) yields the following relation-
ship where only the ratio of CRSS for the two slip systems is unknown but can
be easily deduced from experiments.

Oct. Cube
2 2

i aij'aiklo + (1 /R) I ai.aik cEy = (8) 0

a. p
j iklop ." -"

Making a critical assumption that fracture will always occur at an equivalent
critical fracture shear strain on the primary octahedral slip system, irre-
spective of the shear strain distribution or the dominance of the cube or
octahedral slip systems, a unified fracture criterion can be deduced from S
Equation (8). The equation can be expressed in a much more simplified form as
follows:

Oct. CubeEra+ (I/R) En

(f= (9) 0
f fm

p -

Where consistent with the notation used in the literature,
m is the Schmid factor for octahedral slip systems , and
n is the Schmid factor for cube slip systems.

At this point it is important to demonstrate that the derived relation
satisfies at least certain simple boundary conditions. Consider for example
the deformation behavior of an <001> symmetric orientation in the temperature
region where the role of cube slip can be ignored, that is, R is very large.
Thus the second factor in the numerator can be ignored. In addition, owing to
the symmetry, the deformation must occur on eight (8) octahedral slip systems 0
with identical values for the Schmid factor. As a result the relationship
extremely simplified, is

<O0>f 8 m Y -.
<001>f f

In the absence of any interactions, the expression simply quantifies that for
the <001> orientation the total fracture elongation is eight times the resolved
fracture shear strain on the primary octahedral slip system.
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Having reasonably rationalized the is trtution T" %t. b gtnm .n a ea

terms of shear strains, we now proceed to acciunt t r Ln'er-s._:P -,

interactions. To achieve this we assume that ,slic4t1)on actlvitv on Colhf

slip systems effectively reduces the critical fracture shear strain., Ive C
again to assess the activity of various slip systems we use relative reslvea
shear stresses. Similar reasoning has been used in developing models for the

yield strength of LI2 compounds by defining ratios of the Schmid factor for
the slip system under consideration to the Schmid factor for the pr:.ary slip
system. Thus we can express T f in terms of a zero interaction critical shear

strain value y as follows:

[ / aj.aiklo I a...kl~l
T Yo 1- A p +(I/R) (10)

I aij.aik I aij aikSp

Where A is introduced as a single interaction parameter for both octahedral
and cube slip systems.

To account for the difference in the intensity of the interaction from
the two slip systems, again the ratio of CRSS, R, is introduced. The relation-
ship certainly satisfies the boundary condition where deformation is dominated
by octahedral slip and the parameter R is very large, effectively making %e
interaction from cube slip systems insignificant. To retain symmetry, in the
summation of interactions from various slip systems the primary slip system is
also included. This alters the way the interaction parameter A is evaluated
but does not alter the modelling concept in any significant way. S

Combining the concept of shear strain distribution and the interaction
effect, the elongation as a function of orientation can be simply expressed as
follows in familiar notation.

Oct. Cube 0M + (1/R) n
fR (I- A ( M + (l/R) N)) Y (0 )

0

m
p

Where M and N are Schmid factor ratios for all octahedral and cube slip
systems to the primary octahedral slip system for the specific tensile orien-
tation.

In the course of developing the model, several simplifying assumptions were
made with the objective of introducing only a single parameter. Among these .
assumptions, however, the most significant one is the concept of critical
shear strain for failure. It seems intuitively correct that for a material _

which does not show extensive necking the failure must occur by a notch formed
by accumulation of dislocations at a slip step which may also be affected bv
dislocations gliding on other interacting slip systems.

In order to test the validity of the model a computer was programmed to
calculate relative elongation as a function of orientation within a standard _
stereographic orientation triangle for a cubic material. For this purpose the
zero interaction critical shear strain y was assumed to be unity. The inter-
action parameter A and ratio of CRSS of cube to octahedral slip systems were i
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the only input to the program. he Jutput from thie prigram was plotted to'

represent tso-elongation contours within the orientd=ton triangle.

The ternary alloy Ta-19S was chosen as a realistic and representative

system. As shown in Figure 16(c), for this alloy three distinct temperature
regions can be identified. At room temperature the ratio of CRSS of cube to

octahedral slip systems, R-1.5. That implies that octahedral slip dominates

the deformation. At around 700K, where the CRSS curves for cube slip and

octahedral slip cross the ratio R-l.0. This is the temperature range at which

both systems compete providing highest mutual interaction as well as the

largest number of slip systems for strain lisrribution. At 1000K, where the

ratio of CRSS R=O.5, cube slip dominates the leformation. Using the observed
values of the parameter R and qualitatively realistic values of the interaction

parameter, the three temperature regions were modeled as presented in Figure ..

31. For room temperature, where R-1.5, strong inter-slip interaction was
assumed. With increasing temperature a lower value for the interaction

parameter was used, reflecting increased thermal recovery. To some extent,
the value of the interaction parameter was contrained by the manner in which
the model has been constructed, making it somewhat limited by the value of the
parameter, R. Nevertheless the choice of the model parameter is not physically

meaningless.
-v

The results from Figure 31 are plotted at three temperatures for the four
major orientations in Figure 32. Comparison of Figure 32 with the actual %0%
elongation plot for Ta-195 in Figure 22 shows the model to be remarkably I

successful in predicting the relative elongation as a function of orientation. I

At room temperature the model correctly predicts the general level and hierarchy
of the orientation. The ductility is observed to decrease in the order of
<011>, <123>, <001> and <Ill> and the model prediction completely agrees with
the observations %t -00K the ductility is observed to decrease in the order
of <001>, <011 1.> and <123>; and once again the prediction matches the

observations. O0OK the model correctly predicts the <111> to be signifi-
cantly more ductile tnan the <001> orientation but the order in which the
relative elongations of <123> and <011> are predicted do not match with
observations. .' r

It is important to recognize that the plot in Figure 32 entails the
assumption of a constant zero interaction critical shear strain for the
octahedral slip system, y . If the prediction in Figure 32 were to be

matched with the observations in Figure 22, the value of y should be
allowed to decrease with increasing temperature. This seem consistent with
the increasingly deleterious effect of environment with increasing temperature
(Reference 22) leading to some loss of intrinsic ductility. Further undue
interpretation of the model is not warranted at this time without additional
verification and refinement. It must be noted that we have not considered any

effect due to constriction stress or dislocation core structure. With test
data available for only four orientations, it was considered statistically
meaningless to introduce any more model parameters. It appears that further
controlled study of work hardening as a function of orientation in both
tension and compression is necessary to provide additional refinement of the

model.

Since the model invokes nothing more than the geometry of a cubic single 7'
crystal, it can be applied to practical systems such as nickel base
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.4
superalloys to normalize the orientation dependence of ductility and further

refinement may even allow its application to notch failure, which is critical
to engineering applications. The qualitative success of the model suggests
that the assumption of failure occurring at a critical shear strain on the
operative slip system, irrespective of the state of stress, may be correct.

4.3 Effect of Alloy Composition on Ductility

Perhaps the most difficult feature of the trends to explain in these
alloys is the large influence of stoichiometry on ductility levls. Why do
ductility values fall to very low values over a compositional range of only
three atom percent? One could simply state from the model developed in 4.1
and 4.2 that the strength of inter-slip system inLeractions increase over
these compositional ranges. Work hardening values increase and this certainly
supports such a postulate. The fracture modes observed, in which shear S
failure on slip planes appears to dominate, also support a critical strain
accumulation process. Any buch hypothesis should be supported by a physical
model to explain the changes. We consider the following factors as important
in such a model although it is clear that our understanding is far from
complete.

The dislocation structures in the alloys studied vary in a systematic way
with composition. If we couple these observations with the tension and
Compression flow stress asymmetry the main results are summarized in the
following table.

Alloy: A1240 A1250 A1270 Tal95 Ta205 Ta225 -0

Dissociation Scheme:
Below Tp: (i)*+(3) (2)+(3) (2) (2) (2) (2)
Near Tp & Above: (2) (2) (2) (2) (2) (2)

A P B E n e r g y - .........-- --

+S
Dislocation Core Spreading

+ Deduced from tension-compression yield strength asymmetry
* Conclusive evidence not yet established --------- Assumed trend.

where (1): CSF/APB-coupled dislocation, (2): APB-coupled dislocations and (3):
SISF-coupled dislocations.

The effects of alloying on dislocations features are apparent from the

summary table. At low temperatures, a systematic change in dislocation *4*-

features can be observed in the binary alloys depending on aluminum
content/stoichiometry. In Al 240 dislocations tentatively identified as
CS/APB type and SISF-coupled dislocations are present. The latter type of
dislocations were also present in Al 250 together with APB-coupled disloca- .%
tions. In alloy Al 270 only APB-coupled dislocations were found independent
of temperatures. APB-coupled dislocations are the most common type of dislo-
cations as they are in all the binary alloys at high temperatures and all the
tantalum-modified ternary alloys at all temperatures. Some of the important
differences between these dislocations appear to be the spacing between the
superlattice partials and/or the planarity of the dislocation core which was
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deduced from the magnitude of the tension-compression (T-C) yield strength
asymmetry (Section 3.2.2). The absence of significant T-C asymmetry in the
binary alloys suggest that the dislocation configuratins are planar in the
binary alloys. However, there may be significant differences in the spacing
of the superlattice dislocations. Unfortunately, we have not measured the
spacings of the low temperature dislocations in the binary alloys. However,
the presence of wide stacking fault ribbons at low temperatures in Al 240 and
Al 250 suggests that the spacing of the SISF-coupled dislocation must be quite
large compared with the spacing of the APB-coupled dislocations in Al 270.
The larger spacing of the APB-coupled dislocations in Al 240 compared with Al
270 was confirmed by measurements (see Figure 26)..

There are possibly two important differences among the APB-coupled
dislocations in the tantalum modified alloys. Both of these differences come
from indirect evidence. First, the fact that the APB-coupled dislocations in 0
Ta 195 could not be resolved implies either that the spacings are considerably
smaller than that observed in Al 270 which is about 3.5 nm or that the concept
of planar dislocation configuration is no longer valid. If the first possi-
bility is correct and if one assumes that the increase in aluminum content
also increases the APB energy in the ternary alloys, as observed in the binary
alloys, then the spacings of the APB-coupled dislocations in Ta 225 are even 0
smaller yet. On the other hand, if one takes the view that the dislocations
in the ternary alloys have nonplanar core structures as suggested by the T-C
asymmetry observed in these alloys, the dislocations may not be characterized
meaningful in terms of spacings, if indeed it could be measured at all.
Assuming the magnitude of the T-C asymmetry is a measure of the extent of
dislocation core spreading, our results indicate more core spreading in Ta 225 •
than in Ta 195.

Returning now to the strength of inter-slip system interaction which, as
proposed earlier, may be related to the nature of dislocations in the alloy.
To make this association one should compare the work hardening behavior of
materials with different types of dislocations in a situation in which the
deformation and inter-slip interaction in these materials involve the same set
of slip systems. An approximation to this situation is the deformation of
<001> orientation at room temperature for the binary alloys and Ta 195 in
which only the octahedral slip systems are involved as the CRSS ratios for
cube to octahedral slip are large in all these cases. From the work hardening
data in Figures 20 and 21 the intensities the octahedral inter-slip interaction
at room temperature are found to be proportioal to 520, 700 and 1120 for Al
240, Al 250 and Ta 195, respectively. These differences can be correlated
with the different types of dislocations found in these alloys: CSF/APB-
coupled and SISF coupled dislocations in Al 240, SISF-coupled and APB-coupled .,-i 0
dislocations in Al 250 and APB-coupled dislocations in Ta 195. As discussed
in Section 4.2 ductility decreases with increasing intensity of inter-slip •
interactions. Thus the basic differences in the types of dislocation present
in Al 240 and Ta 195 may account for the ductility differences in the <001>
orientation between these two alloys. Unfortunately, the intensities of %.. u
octahedral-cube and cube-cube inter-slip interactions cannot be deduced from "S

data available due to premature failure in some of the specimens. However, it
is interesting to note the large drop in work hardening and the accompanying 0
increase in ductility in Ta 195 associated with the onset of cube slip (Figures
21 and 22). This observation would indicate lower intensity for cube-cube
inter-slip interaction than the other two types of interaction. For further
studies of strength of inter-slip interactions it is suggested that compression
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testing be used to alleviate brittleness problems in alloys which show strong

inter-slip interactions.
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5.0 CONCLUSIONS %

Based on studies of ductility, strength characteristics and dislocation
features in binary and tantalum-modified ternary Ni3Al alloy single crystals
the following conclusions can be made.

1. The intrinsic ductility of Ni3Al alloys is strongly influenced by the
alloy stoichiometry. Aluminum-rich (hyperstoichiometric) alloys are
intrinsically brittle.

2. Based on (1) it is futile to seek improvement in ductility of hyper-
stoichiometric alloys by grain boundary strengthening using micro-alloying
techniques.

3. There is an apparent correlation between the dislocation configurational
structure and the intrinsic ductility of an alloy. Dislocations which
have more nonplanar core structure (deduced from tension-compression
yield strength asymmetry) or closer spacing between the partials as in
the case of the hyperstoichiometric alloys tend to result in lower
ductility.

4. Based on (3) an alloying direction for improving ductility alloys is to
lower the stacking fault energy in Ni Al which promotes formation of
stacking fault-coupled dislocations with larger spacings.

5. Another important factor which controls ductility in Ni Al alloys is the
ratio of the critical resolved shear stresses CRSS for ?III}<ii0> octahedral 0
and {001}<110> cube slip. Ductility in Ni Al alloys tend to be lower at
temperatures when CRSS for octahedral and cube slip are about equal.

6. Substituting tantalum for aluminum or increasing aluminum content in
Ni3Al tends to raise tho CRSS for octahedral slip without significantly
changing the CRSS for cube slip, thus shifting the temperature of equi-
CRSS for cube and octahedral slip to lower temperatures which results in
a ductility minimum at lower temperatures.

7. Based on (6) an alloying direction of improving the ductility of the
tantalum-modified Ni3 Al alloy at ambient temperatures is to raise the
CRSS for cube slip. yto

8. The rather complex temperature, orientation and compositional dependence
of ductility in both the binary and ternary alloys can be related to the
probability of inter-slip interactions. This can be assessed by weighing
all the octahedral and cube slip systems with the magnitudes of the
applied resolved shear stresses and the CRSS for the respective slip
system, and strength of the interaction which is considered to be governed
the dislocation configurational structure.

9. Based on (8), a semi-quantitative model has been developed which accounts
for the temperature and orientation dependence of a tantalum-modified
Ni3Al reasonably well.
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10. The current study appears to be the first to conduct systematic studies
of tensile ductility in single crystals using four major orientations and
over a wide temperature range and attempt to relate the intrinsic ductility
of an intermetallic compound to observed plastic flow and dislocation
features. As a result of this study significant understanding of ductility
behavior in Ni3 Al alloys has been achieved and some alloying directions
for ductility improvements emerge. However to isolate the contribution
of dislocation core structure to work hardening and therefore ductility
further study of anisotropy of work hardening in both tension and com-
pression is suggested.
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Table 1

Nominal Compositions of Alloys Selected for Study
(Atomic Percent)

Alloy Ni Al Other

Al-240 Bal. 23.5
Al-250 Bal. 25.0
Al-270 Bal. 26.5

Ta-195 Bal. 18.5 5.0 Ta
Ta-205 Bal. 20.0 5.0 Ta
Ta-225 Bal. 21.5 5.0 Ta I

Sn-204 Bal. 19.5 4.0 Sn
Sn-214 Bal. 21.0 4.0 Sn
Sn-234 Bal. 22.5 4.0 Sn

Table 2

Analyzed Alloy Compositions
(Atomic Percent)

Alloy Ni Al Other

Al -240 76.5 23.5
Al -250 75.1 24.9 -*
Al -270 73.7 26.3

Ta-1 95 76.4 18.6 5.0 Ta
Ta-205 74.7 20.3 5.0 Ta
Ta-225 73.3 21.7 5.0 Ta

Sn-204 75.9 20.1 4.0 Sn
Sn-214 75.8 20.9 3.3 Sn
Sn-234 * * *

*Note: Single crystals of this alloy could not be prepared;
therefore, this alloy was not studied.
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Table 3

Compositions of the Phases in Al-250 and Al-270
(Atomic Percent)

Ni Al

Al-250 (Bulk, Nominal) 75 25

Ni Al 75.2 24.8

Ni Al 64.4 35.6

Al -270 (Bulk, Nominal) 73.5 26.5 .V

Ni 3Al 74.7 25.3

Ni Al 62.6 37.4

%
34 .p.

_% " '.,.
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Table 4 i

Compositions of the Phases in Sn-214 Single Crystal,,
( Atomic Percent ),?'

Ni _A1 Sn--.- --

As-Cast' "
Phase A 75.7 23.0 1.2 -'k
Phase B 72.8 4.9 22.2

Phase C 60.3 2.4 37.2

After 50 hours at 1339K
Phase A 75.0 23.1 1.9 ','

N._

S.

Phase~5. B 3. 65 0.

Phase~~~ C"").1 . 3.
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Table 5

Composition of the Phases in Ta-225 Single Crystal
(Atomic Percent)

Phase Ni Al Ta

L12  73.3 21.1 5.6

B2 60.1 39.9 -

a.• .:

Table 6

Fracture Facets in Binary Ni3Al Alloys 0
-a . ,,

Al -240 Al -270

Stress Axis 294K 1033K 294K 1033K

[OOl] (111) (Ol1) (001) *

[Ol1 (00l),(0l0), ll0, (ll0),(TlO),(0l0) (101)

[123] OllO'(, 4l11l1 II I I (II ),(001) ,I :11J*V

S*Note: Not determined. A"

a a..%

a "

010

36.93

, ~~-' -'-



Table 7

Tensile Data for Al-240

(a) <001> Oriented Specimens

Al-240 Ingot 5353-05 HT No.60-3-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

<100> <010 <001>

<001> 90 90 0,1.

70.0 294.1 BA 88.0 87.3 3.4 32.0 14.5 99.7 126.97 875.5
800.0 699.7 BB 90.0 90.0 0.0 28.4 52.2 360.2 131.79 908.7

1,400.0 1,033.0 BC 90.0 90.0 0.0 8.0 125.9 868.3 127.93 882.1 •
1,600.0 1,144.1 BD 90.0 90.0 0.0 13.8 82.1 566.0 86.43 595.9

Schmid Factors Resolved Shear Strength
Octahedral Cube -

Slip Slip Octahedral Slip Cube Slip
<001> 0.4084 0.0004

KSi MPa Ksi MPa S
70 294.1 BA 0.4263 0.0583 6.17 42.52 0.84 5.81

800 699.7 88 0.4084 0.0004 21.33 147.08 0.02 0.15
1,400 1,033.0 BC 0.4084 0.0004 51.43 354.60 0.05 0.36
1,600 1,144.1 BD 0.4084 0.0004 33.52 231.14 0.03 0.24

(b) <011> Oriented Specimens

Al-240 Ingot 5353-05 HT No.60-3-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. J. T. S.
Deg. F K [dent. Deg. from Percent KSsi Mpa ksi MPa

<I00> <010> <001> __"

<011- 90 45 45

70.0 294.1 AA 87.2 45.7 44.4 69.3 12.9 88.8 86.94 599.4 6 % ,p
800.0 699.7 AB 90.0 45.0 45.0 51.3 39.5 272.6 96.06 662.4

1,400.0 1,033.0 AC 90.0 45.0 45.0 8.6 84.1 580.0 88.55 610.5 %
1,600.0 1,144.1 AD 90.0 45.0 45.0 16.6 68.2 470.0 73.04 5C3.6

Schmid Factors Resolved Shear Strength
Octahedral Cube ...... ......---- ----

Slio SliD Octahedral Slip Cube Slp %" %,4, ....

<011- 0.4085 0.3538 .

70 294.1 AA 0.4253 0.3778 5.48 37.76 4.37 33.55
800 699.7 AB 0.4085 0.3538 16.15 11:.33 13.99 96.44

1.400 1,033.0 AC 0.4085 0.3538 34.36 236.90 29.76 25.21
1,600 1,144.1 AD 0.4085 0.3538 27.84 191.99 2d.:2 :66.31- %'5.,

" '

'. 5° .'
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Table 7 (continued),-#'

Tensile Data for A1l-240,, w

(c) <I1I> Oriented Specimens

Al-240 Ingot 5353-05 HT No.60-3-86 Wi

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.

Deg. F K Ident. Deg. from percent ksi MPa kSi MPa
<100> <010> <001>

<111> 54.74 54.74 54.74

70.0 294.1 BA 56.9 53.8 53.6 24.5 16.4 113.2 136.80 943.3
800.0 699.7 BB 56.9 53.8 53.6 17.1 56.4 388.7 187.91 1,295.6

1,400.0 1,033.0 BC 56.9 53.8 53.6 13.1 67.9 468.2 74.33 512.5
1,600.0 1,144.1 BO 56.9 53.8 53.6 15.2 48.1 332.0 65.51 451.7 0

Schmid Factors Resolved Shear Strength -
Octahedral Cube -------------------------

Slip Slip Octahedral Slip Cube Slip
<111> 0.2722 0.4715

Ksi MPa KSi MPa
70 294.1 BA 0.2969 0.4772 4.87 33.61 7.83 54.02 0

800 699.7 BB 0.2969 0.4772 16.74 115.40 26.90 185.49
1,400 1,033.0 BC 0.2969 0.4772 20.16 139.01 32.40 223.43
1,600 1,144.1 80 0.2969 0.4772 14.30 98.57 22.98 158.43

(d) <123> Oriented Specimens

Al-240 Ingot 5353-05 HT No.60-3-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. J. T. S.
Deg. F K Ident. Deg. from percent ksi MPa kSi '/,

<100> <010> <001 ,_.__,_ _

<123> 14.5 5/.69 36./

70.0 294.1 BA 74.6 59.4 35.0 51.7 11.0 15.6 75.16 518.3

800.0 699.7 8B 74.6 59.4 35.) 33.6 36.9 254.5 89.06 614.1
1,400.0 1.033.0 BC 74.6 59.4 35.0 18.3 79.4 547.5 81.02 558.7
1,600.0 1,144.1 BD 74.6 59.4 35.0 11.0 51.1 393.8 57.11 393.8

Schmid Factors Resolved Shear Strength
Octahedral Cube ------------------------- %

Slip Slip Ortahedral S11p Cube Sli .
<123> 0.4667 0.4548

70 294.1 BA 0.4707 0.4489 5.16 35.58 4.97 33.93
800 699.7 88 0.4707 0.4489 17.37 19.79 16.57 1 4.25

1,400 1,033.0 BC 0.4707 0.4489 37.38 257.70 35.65 ?45.79
1.600 1,144.1 8D 0.4707 0.4489 26.88 185.35 25.64 i76.1' 9

p% P ,

% 
.I

%.

O
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Table 8 'p

Tensile Data fnv' Al-250
S

(a) <001> Oriented Specimens .00

Al-250 Ingot 5210 HT No.60-2-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str U. T. S.
Deg. F K [dent. Deg. from percent ksi MPa ksi M4P3

<100> <010> <001>

<001> 90 90 0

70.0 294.1 AD 86.7 85.8 5.4 47.9 20.2 139.3 117.85 812.5
800.0 699.7 AC 86.7 85.8 5.4 24.9 77.4 534.0 154.04 1,062.1

1,400.0 1,033.0 AB 86.7 85.8 5.4 2.6 57.4 395.5 57.35 395.5
1,600.0 1,144.1 AA 86.7 85.8 5.4 6.8 55.2 380.4 59.84 412.6

Schmid Factors Resolved Shear Strength
Octahedral Cube --------------------------

Slip Slip Octahedral Slip Cube Slip
<001> 0.4084 0.0004

Ksi MPa Ksi MPa
70 294.1 AD 0.4364 0.0924 8.82 60.78 1.87 12.87

800 699.7 AC 0.4364 0.0924 33.79 233.00 7.16 49.34
1,400 1,033.0 AB 0.4364 0.0924 25.-A 172.56 5.30 36.54
1.600 1,144.1 AA 0.4364 0.0924 24.08 :66.00 5.10 35.15

(b) <011> Oriented Specimens S

A1-250 Ingot 5210 HT No.60-2-86 P

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S. %
Deg. F < Ident. Deg. From percent ksi MPa ksi MPa

<100> <010> <001>

<011> 90 45 45

70.0 294.1 aA 88.7 47.8 42.2 47.9 15.4 106.2 77.04 531.2
800.0 699.7 C-C 75.1 50.0 43.8 0.6 54.0 372.5 52.31 360.7

1,400.0 1,033.0
1,600.0 1,144.1 38 76.7 52.8 40.3 3.8 57.7 398.0 62.81 433.1

Schmid Factors Resolved Shear Strength %
Octahedral :uoe --.

Slip Slip Octahedral Slip Cube Slip %
<011> 0.4085 0.3538 < i MPI Ksi 4Pa .... .

70 294.1 AA 0.4335 0.3640 6.58 46.05 5.61 38.68
800 699.7 CC 0.4644 2.4752 25.)9 173.00 25.67 176.99

1.400 1,033.0 6
1,600 1,144.1 88 0.4794 0.4625 27.67 190.78 26.70 184.08

N%
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Table 8 (continued)

Tensile Data for Al-250

(c) <111> Oriented Specimens

Al-250 Ingot 5210 HT No.60-2-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa kSi MPa .

_<100> <010> <001>

<111> 54.74 54.74 54.74

70.0 294.1 BE 55.1 54.6 54.5 12.6 22.1 152.4 163.20 203.1
800.0 699.7 A8 54.8 54.8 54.6 13.4 89.7 618.5 170.79 1,177.6

1,400.0 1,033.0 AD 54.8 54.8 54.6 0.0 32.8 226.2 79.43 547.6
1,600.0 1,144.1 AA 54.8 54.8 54.6 53.4 54.5 376.0 56.30 388.2

Schmid Factors Resolved Shear Strength
Octahedral Cube

Slip Slip Octahedral Slip Cube Slip
<111> 0.2722 0.4715 Ksi MPa Ksi M4Pa

70 294.1 BE 0,3737 0.5766 11.01 75.92 16.99 117.14
800 699.7 AB 0.3718 0.5778 33.35 229.96 51.83 357.37 ' :

1,400 1,033.0 AD 0.3718 0.5778 12.20 84.10 18.96 130.70 "
1,600 1,144.1 AA 0.3718 0.5778 20.28 139.81 31.51 217.27

(d) <123> Oriented Specimens

Al-250 Ingot 5210 HT No.60-2-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K [dent. Deg. from percent ksi MPa ksi MPa

<100> <010> <001> ,_

<123> 74.5 57.69 36.7

70.0 294.1
800.0 699.7

1,400.0 1,033.0
1,600.0 1,144.1

Schmid Factors Resolved Shear Strength
Octahedral Cube

Slip Slip Octahedral Slip Cube Slip
<123> 0.4667 0.4548

Ksi MPa Ksi MPa
70 294.1

800 699.7
1,400 1,033.0
1,600 1,144.1 % V %

40
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Tabl e 9

Tensile Data for Al-270 61

(a) <001> Oriented Specimens

Al-270 Ingot 5353-04 HT No.60-1-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str U. T. S.
Deg. F K [dent. Deg. Irom percent ksi MPa ksi MPa

<100> <010> <001>

<001> 90 90 "9 -

70.0 294.1 BC 86.8 81.9 8.8 3.8 25.4 175.3 33.90 233.7
800.0 699.7 AB 89.9 85.8 3.6 1.9 69.6 479.7 70.4, 485.6

1,400.0 1,033.0 AA 89.9 85.8 3.6 5.5 44.2 305.1 76.11 524.8
1,600.0 1,144.1 30 86.8 81.9 8.8

Schmid Factors Resolved Shear Strength
Octahedral Cube

Slip Slip Octahedral Slip Cube Slio
<001> 0.4084 0.0004

Ksi MPa Ksi MPa
70 294.1 BC 0.4576 0.1375 11.63 80.21 3.50 24.10

800 699.7 A8 0.4370 0.0542 30.40 209.63 3.77 25.99
1,400 1,033.0 AA 0.4370 0.0542 19.34 133.34 2.40 16.53
1,600 1,144.1 BD 0.4576 0.1375

(b) <011> Oriented Specimens S

Al-270 Ingot 5353-04 HT No.60-1-86

Temperature Spec. Axial Or4entation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K [dent. Deg. from percent kSi Pa Ksi MPa

<100> <010> <001>

<011> 90 45 45

70.0 294.1 AD 87.0 46.1 44.0 16.6 22.3 153.5 80.89 557.8
800.0 699.7 AC 87.0 46.1 44.0 8.1 88.5 610.2 114.68 790.7

1,400.0 1,033.0 A8 87.0 46.1 44.0 1.3 44.9 309.5 44.89 309.5
1,600.0 1,144.1 AA 87.0 46.1 44.0 4.1 42.4 292.6 47.96 330.7

Schmid Factors Resolved Shear Strength
Octahedral Cube -- -

Slip Slip Octanedral Slip Cube Slip
<011> 0.4085 2.3538 Ks.4a s

Ksi Mpa Ksi lip .3. -

70 294.1 AD 0.4288 ).3796 9.54 65.80 8.45 58.25
800 699.7 AC 0.4288 D.3796 37.95 261.64 33.59 231.60

1,400 1,033.0 AB 0.4288 :.3796 19.25 132.73 17.124 :17.19
1,600 1,144.1 AA 0.4288 0.3796 18.20 125.48 16.11 111.07

41
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Table 9 (continued)

Tensile Data for Al-270
S

(c) <Ill> Oriented Specimens

Al-270 Ingot 5353-04 HT No.60-1-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

<100> <010> <001>

<111> 54.74 54.74 54.74

70.0 294.1 AC 61.2 54.3 49.2 10.7 37.5 258.9 47.38 326.7
800.0 699.7 BF 52.5 53.4 58.4 0.5 79.90 550.9

1,400.0 1,033.0 AA 61.2 54.3 49.2 3.1 33.6 231.9 38.18 263.3
1,600.0 1,144.1 AD 61.2 54.3 49.2 60.0 21.6 148.6 22.41 154.5

Schmid Factors Resolved Shear Strength
Octahedral Cube

Slip Slip Octahedral Slip Cube Slip
<111> 0.2722 0.4715

Ksi MPa Ksi MPa
70 294.1 AC 0.3505 0.4928 13.16 90.72 18.50 127.56 0

800 699.7 BF 0.2367 0.4467
1.400 1,033.0 AA 0.3505 0.4928 11.79 81.28 16.58 114.29
1,600 1,144.1 AD 0.3505 0.4928 7.55 52.08 10.62 73.23

(d) <123> Oriented Specimens

A1-270 Ingot 5353-04 HT No.60-1-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

<IO> <010> <001>

<123> 74.5 57.69 36.7

70.0 294.1 AC 74.8 59.0 35.3 43.3 17.0 117.1 82.34 567.7
800.0 699.7 AB 74.6 59.4 35.3 3.8 56.4 389.0 56.42 389.0

1,400.0 1,033.0 AA 74.6 59.4 35.3 6.1 76.6 528.2 38.10 262.7
1.,600.0 1.144.1 AD 74.6 59.4 35.3 20.1 35.2 242.6 60.26 415.5

Schmid Factors Resolved Shear Strength
Octahedral Cube---- - - - -

Slip Slip Octahedral Slip Cube Slip
<123> 0.4667 0.4548 Ki Na 'iKsi MPa Ksi MPI .%,:

70 294.1 AC 0.4706 0.4486 7.99 55.08 7.62 52.51 :
800 699.7 AB 0.4681 0.4473 26.41 182.12 25.24 174.02

1,400 1,033.0 AA 0.4681 0.4473 35.86 247.26 34.27 236.2? 7
1,600 1,144.1 AD 0.4681 0.447: 16.47 113.58 15.74 108.53
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Table 10

Tensile Data for Ta-195
S

(a) <001> Oriented Specimens

Temperature Spec. xial Orientation Elong. 0.2 % Yield Str U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

<100> <010> <001> _ _._ _

<001> 90 90 0

70.0 294.1 BA 90.0 81.1 8.9 12.0 57.9 399.2 104.5 720.5
70.0 294.1 CE 89.5 81.2 8.9 21.3 62.1 428.2 101.1 697.1 .4

800.0 699.7 CG 89.5 81.2 8.9 25.4 108.0 744.7 122.1 841.9
800.0 699.7 •R.IO.
1400.0 1,033.0 8O 90.0 81.1 8.9 10.6 li7.5 810.2 146.3 1008.7
1400.0 1,033.0 CF 89.5 81.2 8.9 13.0 133.2 918.4 152.7 1052.9
1600.0 1,144.1
1600.0 1,144.1

Schmid Factors Resolved Shear Strength
Octahedral Cube

Slip Slip C-tahedral Slip Cube Slip
<001> 0.4084 0.0004 0

Ksi MPa Ksi MPa
70.0 294.1 BA 0.4610 0.1091 26.69 184.04 6.32 43.54
70.0 294.1 CE 0.4612 0.1135 28.64 197.47 7.05 48.60

800.0 699.7 CG 0.4612 0.1135 49.81 343.43 12.26 84.51
800.0 699.7
1400.0 1033.0 BD 0.4610 0.1091 54.17 373.48 12.82 88.37
1400.0 1033.0 CF 0.4612 0.1135 61.43 423.56 15.12 104.23
1600.0 1144.1 •
1600.0 1144.1 .. ,, .,

(b) <0ll> Oriented Specimens
Temperature Spec. Axial Orientation Elong. 0.2 % Yield St U. T.S. S
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

<100> <010> <001>

<011> 90 45 45

70.0 294.1 BE 84.5 47.9 42.6 28.2 57.5 396.5 97.9 675.0
70.0 294.1 AB 86.3 45.7 44.6 22.0 42.5 293.0 95.6 659.2

800.0 699.7 BF 84.5 47.9 42.6 21.1 101.8 701.9 115.7 797.8
800.0 699.7 AA 86.3 45.7 44.6 24.6 98.1 676.4 119.1 821.2
1400.0 1,033.0 BG 84.5 47.9 42.6 30.0 98.4 678.5 123.6 852.2
1400.0 1,033.0 AC 86.3 45.7 44.6 23.5 87.5 603.3 120.5 830.8
1600.0 1,144.1 BH 84.5 47.9 42.6 20.1 100.4 692.3 .'..
1600.0 1,144.1 AD 86.3 45.7 44.6 13.7 57.6 397.2 96.9 668.1

Schmid Factors Resolved Shear Strength
Octahedral Cube "-- - - - -

Slip Slip Octahedral Slip Cube Slip 5
<011> 0.4085 0.3538

Ksi MPa Ksi MPa
70.0 294.1 BE 0.4452 0.3989 25.60 176.51 22.94 158.15
70.0 294.1 AB 0.4272 0.3848 18.16 125.18 16.35 112.75

800.0 699.7 BF 0.4452 0.3989 45.32 312.49 40.61 279.99 ; "
800.0 699.7 AA 0.4272 0.3848 41.91 288.95 37.75 260.25 ' 4

1400.0 1033.0 BG 0.4452 0.3989 43.81 302.06 39.25 270.64
1400.0 1033.0 AC 0.4272 0.3848 37.38 257.73 33.67 232.13
1600.0 1144.1 BH 0.4452 0.3989 ..

1600.0 1144.1 AD 0.4272 0.3848 24.61 169.66 22.16 152.81

43 0
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Table 10 (continued)

Tensile Data for Ta-195

(c) <Ill> Oriented Specimens

Temperature Spec. Axial Orientation Elong. 0.2 % Yield St U. T. S.
Deg. F K [dent. Deg. from percent ksi MPa ksi MPa

<100> <010> <001> .-__

<111> 54.74 54.74 54.74 ;.

70.0 294.1 BE 61.1 52.6 50.9 3.7 91.9 633.7 173.3 1194.9
70.0 294.1 AA 57.0 55.5 51.8 3.4 62.7 432.3 123.2 849.5 ' ,

800.0 699.7 BH 61.1 52.6 50.9 14.3 130.9 902.6 177.9 1226.6
800.0 699.7 AD 57.0 55.5 51.8 22.8 121.8 839.8 163.0 1123.9

1400.0 1,033.0 BG 61.1 52.6 50.9 45.5 79.8 550.2 109.7 756.4
1400.0 1,033.0 AC 57.0 55.5 51.8 60.7 74.1 510.9 105.3 726.0
1600.0 1,144.1 BF 61.1 52.6 50.9 40.1 66.9 461.3 85.0 586.1
1600.0 1,144.1

Schmid Factors Resolved Shear Strength
Octahedral Cube

Slip Slip Octahedral Slip Cube Slip
<111> 0.2722 0.4715

Ksi MPa Ksi MPa ,,
70.0 294.1 BE 0.3432 0.4863 31.54 217.46 44.69 308.16 ',

70.0 294.1 AA 0.3036 0.4857 19.04 131.26 30.45 209.97
800.0 699.7 BH 0.3432 0.4863 44.92 309.74 63.66 438.93
800.0 699.7 AD 0.3036 0.4857 36.98 254.99 59.16 407.89
1400.0 1033.0 BG 0.3432 0.4863 27.39 188.83 38.81 267.59
1400.0 1033.0 AC 0.3036 0.4857 22.50 155.13 35.99 248.15
1600.0 1144.1 BF 0.3432 0.4863 22.96 158.30 32.54 224.33
1600.0 1144.1 . r

(d) <123> Oriented Specimens

Temperature Spec. Axial Orientation Elong. 0.2 % Yield St U. T. S.
Deg. F K Ident. Deg. from percent k i MPa ksi MPa

<100> <010> <001> _ ' _ _

<123> 74.5 57.69 36.7

70.0 294.1 AB 75.6 52.6 41.1 15.1 56.1 386.8 102.2 704.7
70.0 294.1 BE 76.1 55.1 38.4 20.3 59.5 410.3 109.1 752.2

800.0 699.7 AC 75.6 52.6 41.1 15.6 100.0 689.5 123.0 848.1
800.0 699.7 BF 76.1 55.1 38.4 15.5 111.9 771.6 136.8 943.2 0
1400.0 1,033.0 AD 75.6 52.6 41.1 39.0 80.0 551.6 92.7 639.2
1400.0 1,033.0 BG 76.1 55.1 38.4 46.7 87.5 603.3 94.6 652.3
1600.0 1,144.1 AA 75.6 52.6 41.1 23.3 61.8 426.1 77.8 536.4
1600.0 1,144.1 BH 76.1 55.1 38.4 45 3 68.5 472.3 74.7 515.1

Schmid Factors Resolved Shear Strength -",' -

Octahedral Cube ,--- - -
Slip Slip Octahedral Slip Cube Slip ,all.

<123> 0.4667 0.4548 K.iKsi MPa Ksi MPa,,.

70.0 294.1 AB 0.4554 0.4569 25.55 176.15 25.63 176.74
70.0 294.1 BE 0.4666 0.4507 27.76 191.43 26.82 184.90

800.0 699.7 AC 0.4554 0.4569 45.54 313.99 45.69 315.04
800.0 699.7 BF 0.4666 0.4507 52.22 360.03 50.43 347.74
1400.0 1033.0 AD 0.4554 0.4569 36.43 251.19 36.55 252.04 0
1400.0 1033.0 BG 0.4666 0.4507 40.83 281.52 39.44 271.91
1600.0 1144.1 AA 0.4554 0.4569 28.14 194.04 28.24 194.70
1600.0 1144.1 BH 0.4666 0.4507 31.96 220.39 30.87 212.87
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Table 11 ,...

Tensile Data for Ta-205
m

(a) <001> Oriented Specimens

Ta-205-1 Ingot 5200 HT No. 104-1-86 %

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

< <010> <001>

<001> 90 90 0

70.0 294.1 AA 89.5 88.6 1.4 0.0 122.5 844.8 150.41 1,037.1
800.0 699.7 AC 89.5 88.6 1.4 0.0 178.9 1,233.3 182.93 1,261.3

1,400.0 1,033.0 AD 89.5 88.6 1.4 9.5 193.0 1,330.6 197.09 1,359.0
1.600.0 1,144.1 BE 88.1 86.5 3.9 22.1 102.6 707.6 108.69 749.4

Schmid Factors Resolved Shear Strength
Octahedral Cube

Slip Slip Octahedral Slip Cube Slip
<001> 0.4084 0.0004

Ksi MPa Ksi MPa
70 294.1 AA 0.4182 0.0239 51.24 353.27 2.92 20.15

800 699.7 AC 0.4182 0.0239 74.79 515.69 4.27 29.42 .
1,400 1,033.0 AD 0.4182 0.0239 80.70 556.41 4.60 31.74
1,600 1,144.1 BE 0.4317 0.0669 44.31 305.49 6.86 47.31

(b) <011> Oriented Specimens S

Ta-205-1 Ingot 5200 HT No. 104-1-86 -'

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

<100> <010> <001> _-,_

<011> 90 45 45

70.0 294.1 CA 90.0 45.6 44.4 1.4 100.8 695.2 120.66 832.0
800.0 699.7 CB 90.0 45.6 44.4 4.5 136.0 937.7 144.40 995.6

1,400.0 1,033.0 CC 90.0 45.6 44.4 8.8 122.8 846.5 133.74 922.1
1,600.0 1,144.1 CD 90.0 45.6 44.4 22.0 83.9 578.5 86.35 595.4 % %

Schmid Factors Resolved Shear Strength S
Octahedral Cube ------------------------- %

Slip Slip Octahedral Slip Cube Slip
<011> 0.4085 0.3538 .1 Ma i MKsi MPa Ksi MPa %, ,,

70 294.1 CA 0.4127 0.3537 41.61 286.90 35.67 245.91
800 699.7 CB 0.4127 0.3537 56.12 386.98 48.11 331.70

1,400 1,033.0 CC 0.4127 0.3537 50.66 349.32 43.43 299.42
1,600 1,144.1 CD 0.4127 0.3537 34.63 238.74 29.68 204.64
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Table 11 (continued)

Tensile Data for Ta-205

(c) <111> Oriented Specimens ,%

Ta-205-1 Ingot 5200 HT No. 104-1-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

<100> <010> <G01>

<111> 54.74 54.74 54.74 *

70.0 294.1 BA 62.8 51.2 50.9 1.4 118.3 815.9 123.91 854.3
800.0 699.7 BB 62.8 51.2 50.9 1.7 92.0 634.5 92.02 634.5

1,400.0 1,033.0 BC 62.8 51.2 50.9 2.7 85.9 592.0 96.38 664.5
1,600.0 1,144.1 BO 62.8 51.2 50.9 29.0 69.9 482.0 74.10 510.9

Schmid Factors Resolved Shear Strength
Octahedral Cube

Slip Slip Octahedral Slip Cuoe Slip
<111> 0.2722 0.4715

Ksi MPa Ksi MPa
70 294.1 BA 0.3555 0.4837 42.07 290.09 57.23 394.63

800 699.7 BB 0.3555 0.4837 32.72 225.58 44.51 306.87 ','

1,400 1,033.0 BC 0.3555 0.4837 30.53 210.48 41.53 286.33
1,600 1,144.1 BO 0.3555 0.4837 15.58 107.43 21.20 146.15

(d) <123> Oriented Specimens •

Ta-205-1 Ingot 5200 HT No. 104-1-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa

<100> <010> <001>

<123> 74.5 57.69 36.7 0

70.0 294.1 BA 74.6 60.3 34.2 6.7 98.6 679.7 126.06 869.2
800.0 699.7 BB 74.6 60.3 34.2 8.3 134.4 926.9 154.92 1,068.2 .

1,400.0 1,033.0 BC 74.6 60.3 34.2 28.0 92.7 639.0 102.44 706.3
1,600.0 1,144.1 BD 74.6 60.3 34.2 35.0 73.2 504.5 74.80 515.7

Schmid Factors Resolved Shear Strength S
Octahedral Cube --

Slip Slip Octahedral Slip Cube Slip
<123> 0.4667 0.4548

Ksi MPa Ksi MPa
70 294.1 BA 0.4714 0.4453 46.48 320.45 43.90 302.72

800 699.7 BB 0.4714 0.4453 63.37 436.95 59.86 412.77
1,400 1,033.0 BC 0.4714 0.4453 43.69 301.26 41.27 284.59
1,600 1,144.1 BO 0.4714 0.4453 34.49 237.84 32.59 224.68

o
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Table 12 %,

Tensile Data for Ta-225

(a) <001> Oriented Specimens

Ta-225-1 Ingot 5196 HT No. 104-3-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str U. T. S.
Deg. F K [dent. Deg. from percent ksi MPa ksi MPa

<100> <010> <001> -_ ,

<001> 90 90 0 '.w.

70.0 294.1 AA 89.8 89.7 0.4 1.3 137.3 946.7 137.30 946.7
800.0 699.7 AB 89.8 89.7 0.4 0.0 190.7 1,314.7 190.68 1,314.7

1,400.0 1,033.0 AC 89.8 89.7 0.4 0.6 183.7 1,266.4 185.31 1,277.7
1,600.0 1,144.1 AD 89.8 89.7 0.4 11.1 92.1 634.9 99.55 686.4 0

Schmid Factors Resolved Shear Strength ',.
Octahedral Cube .......... ..--- --

Slip Slip Octahedral Slip Cube Slip
<001> 0.4084 0.0004

Ksi t'Wa Ksi NIPa
70 294.1 AA 0.4106 0.0063 56.37 388.67 0.87 6.00 •

800 699.7 AB 0.4106 0.0063 78.29 539.79 1.21 8.34 _
1,400 1,033.0 AC 0.4106 0.0063 75.41 519.95 1.16 8.03 2.
1,600 1,144.1 AD 0.4106 0.0063 37.81 260.68 0.58 4.03

(b) <011> Oriented Specimens S

Ta-225-1 Ingot 5196 MT No. 104-3-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa ksi MPa
__ . . .. <100> <010> <001>

<011> 90 45 45 S

70.0 294.1 AA 87.7 45.1 45.0 2.4 111.2 767.0 125.46 865.0
800.0 699.7 AB 87.7 45.1 45.0 2.4 151.3 1,042.9 153.79 1,060.4

1,400.0 1,033.0 AC 87.7 45.1 45.0 0.8 100.2 690.9 100.20 690.9
1,600.0 1,144.1 AD 87.7 45.1 45.0 0.8 70.2 484.1 77.14 531.9

Schmid Factors Resolved Shear Strength
Octahedral Cube-

Slip Slip Octahedral Slip Cube Slip
<011> 0.4085 0.3538

Ksi MPa Ksi MPa
70 294.1 AA 0.4192 0.3737 46.63 321.52 41.58 286.67

800 699.7 AB 0.4192 0.3737 63.41 437.18 56.53 389.19
1,400 1,033.0 AC 0.4192 0.3737 42.00 289.61 37.45 258.22
1,600 1,144.1 AD 0.4192 0.3737 29.43 202.91 26.24 180.92

%<
%e,

4-7

V. Va.



It 6

Table 12 (continued)

Tensile Data for Ta-225

(c) <Ill> Oriented Specimens

Ta-225-1 Ingot 5196 HT No. 104-3-86

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K [dent. Deg. from percent Ksi MPa ksi MPa

<100> <010> <001>

<111> 54.74 54.74 54.74

70.0 294.1 BA 56.1 55.7 52.3 2.4 144.7 997.8 180.89 1,247.3
800.0 699.7 BB 56.1 55.7 52.3 1.3 142.3 981.0 144.72 997.8

1,400.0 1,033.0 BC 56.1 55.7 52.3 9.2 101.4 699.2 124.56 858.8
1,600.0 1,144.1 BD 56.1 55.7 52.3 12.0 72.6 500.4 74.60 514.3

Schmid Factors Resolved Shear Strength
Octahedral Cube --

Slip Slip Octahedral Slip Cube Slip
<111> 0.2722 0.4715

Ksi MPa Ksi MPa b

70 294.1 BA 0.2948 0.4851 42.66 294.17 70.20 484.03 .
800 699.7 BB 0.2948 0.4851 41.94 289.21 69.02 475.88

1,400 1,033.0 BC 0.2948 0.4851 29.90 206.13 49.19 339.17 .
1,600 1,144.1 BD 0.2948 0.4851 21.40 147.54 35.21 242.76 .-

'-

(d) <123> Oriented Specimens
-,%

Ta-225-1 Ingot 5196 HT No. 104-3-86 '5,

Temperature Spec. Axial Orientation Elong. 0.2 % Yield Str. U. T. S.
Deg. F K Ident. Deg. from percent ksi MPa Ksi MPa

<100> <010> <001>

<123> 74.5 57.69 36.7

70.0 294.1 AIA 75.9 56.9 36.8 4.0 107.6 741.8 124.83 860.7
800.0 699.7 AIB 75.9 56.9 36.8 2.2 139.1 959.1 155.24 1,070.4

1,400.0 1,033.0 BIC 76.3 57.2 36.2 4.3 112.0 772.2 122.00 841.2 e,
1,600.0 1,144.1 BID 76.3 57.2 36.2 23.3 72.6 500.4 69.76 481.0

Schmid Factors Resolved Shear Strength
Octahedral Cube .................. -----

Slip Slip Octahedral Slip Cube Slip
<123> 0.4667 0.4548

Ksi MPa Ksi %PI
70 294.1 AIA 0.4711 0.4479 50.68 349.45 48.18 332.22

800 699.7 AIB 0.4711 0.4479 65.53 451.82 62.30 429.54
1,400 1,033.0 BIC 0.4737 0.4441 53.05 365.78 49.74 342.94 •
1,600 1,144.1 BID 0.4737 0.4441 34.38 237.04 32.23 222.24
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Table 13

Comparision of Tension/Compression Asymmetry in Binary and Ternary Alloys

Allcys

Al-240 Al-270 Ta-195 Ta-225

Orientation/Stress Temperature

294K 700K 294K 700K 294K 700K 294K 700K

0.2 % Yield Strength, MPa

<001>Compression 89.6 265.5 245.5 651.6 405.4 781.2 823.3 1,132.8 "
<001>Tension 100.0 359.9 175.1 479.9 413.7 744.7 945.3 1,314.9

<011>Compression 43.2 393.7 243.4 593.7 542.6 950.8 1,227.3 1,232.1 ""
<011>Tension 88.9 272.4 153.8 610.2 344.8 689.5 766.7 1,043.2 -"
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Ni 3AI

L12
ASCA

Solute Ni Nb, Ta. V Sn
APB APBFunction: energy Reduce 10011 energy Reduce SF energy

Dislocation: _lxxxi_,.i_-xxxL nergyJ/ J. ±

CS APB APB SISF

Stacking Al DO22 D0 19
sequence ABCA ABA ABA

Figure 1 Schematic Diagram Summarizing the Effects of Various Solute 0
Elements on Lattice Stability of the L12 Structure and the
Likely Types of Dislocation Dissociation which Would Occur. The
distribution of the solute atoms on the close-packed planes of ,,
various derivative structures and their stacking sequence are
also depicted.
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Figure 2 Schematic Diagram of the Directional Solidification Process for
Growth of Single Crystals

Figue 3 Apparane o a ingl Crsta Inot Rmovd fom te Selllol

51 ..



.1W % 

AL 24-0
INPUT:

001 210
TOP

0.6 1e.7 -20.3 -7.9
-2.2 11.S 1=.9 -9.3 "
-8.6 13.7 17.6 -6.3

N-1.4 12.7 17.8 -7.8
A 1.S 12.1 19.4 -8.4

1.1 IS.S 19.7 -4.7
6 BOTTOM
1 1.0 -11.1 -19.1 7.9

1.0 -10.4 18.7 11.0
1.1 -10.7 18.4 9.9
0.6 -18.7 18.1 10.3 K

1.4 -18.7 18.7 10.3

ALPHA 1 ALPHA2 ALPHA3,

911.8 81.6 88.8
"." .3

MAXIROTAT ION FROM
AVERAGE ORIENTATION5 4.4 .
IH00IA PAUSE (CR> .....

Figure 4 Distribution of <001> Directions on Various Locations on the Top
and Bpttom Faces of the Single Crystal Ingot of Alloy Al-240
with Reference to Three Orthogonal Axes Chosen to be Parallel to
the Axis of the Ingot and the Dendrite Arm Directions
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k p

1 NPUT
001 210

TOPI

-4.e 2. 2 0
-2.83-.7 -12.9 29.8
-2.4 -6.1 -2.3 21.3K

-4.8 2.8 -22.9 3 .0

-4.7 *8.8 -3.2 -17.9
BOTTOM

-2.9 -0.6 24.2 -1.0
-3.0 -1.0 -2.7 2S.9
-2.7 0.7 24.S -0.2.,o
-5.7 -1.2 22.2 -1.61 e
-5.4 -3.2 21.S -2.5

ALPHA I ALPHA2 ALPHA3
----------------------
2.8 87.4 89.2 4

MAX.ROTATION FROM
AVERAGE ORIENTATION: 8.7
IHO001A PAUSE (CR) . .

Figure 5 Distribution of <001> Directions on Various Locations on the Top
and Bottom Faces of the Single Crystal Ingot of Alloy Ta-195
with Reference to Three Orthogonal Axes Chosen to be Parallel to
the Axis of the Ingot and the Dendrite Arm Directions
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INPUT:

TOP
12.2 0.0 -2.5 -32.2
4.0 -0.5 -8.8 -32. "2.5 -5.5 13.3 28.7 /

.,'3.0 -7.9 23.9 X28.2--OTTOM
11.7 -2.9 -1.3 30.9.N i
3.3 8.8 aS.6 -26.8
11.7 0.5 23.5 -28,0 I
9.7 14.1 21.5 -20.3

ALPHAI ALPHA2 ALPHA3
-------------------

35.4 54.8 88.8

MAX.RCTATION FROM /
AVERAGE ORIENTATION: 9.31
IHO001A PAUSE OCR>). .

Figure 6 Distribution of <001> Directions on Various Locations on the Top
and Bottom Faces of the Single Crystal Ingot of Alloy Sn-204 0
with Reference to Three Orthogonal Axes Chosen to be Parallel to
the Axis of the Ingot and the Dendrite Arm Directions
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Figure 8 Diagram of the Tensile Specimen Used for the Current Studies
(dimensions in inches)

-Y
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Figure 9 Microstructure of Al-240 in the As-Cast Condition. The dark .:,
phase is NiAl.
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600 600
AI-240 AI-270

CUBE SLIP 1- 1

400 -L 400 CUBE SLIP

rV 0 OCTAHEDRAL .Uc 200
J 200 2~00 SLIP

OCTAHEDRAL -,.

SLIP +11 MPa 418 MPa

0 j Ii 1 0 1
0 200 400 600 800 1000 1200 200 400 600 800 1000 1200 ',. t %

TEMPERATURE, K TEMPERATURE, K 0

1C)
CUBE SLIP Ta-225

600 CUBE-Ta-195 600 - I
CUBE SLIP ..v... .- ....:....+......,,

400- -. 400

200 2 OCTAHEDRAL I
S "40 MPa U 200 SLIP

OCTAHEDRAL SLIP I+94 MPa

0 I It I I 0 II 1 I I
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200

TEMPERATURE, K TEMPERATURE, K

Figure 16 Comparison of Deduced CRSS Versus Temperature for Octahedral and
Cube Slip Systems for: (a) Binary Al-240, (b) Binary Al-270,
(c) Ternary Ta-195, and (d) Ternary Ta-225 Alloys
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Figure 17 Comparison of Tension/Compression Asymmetry of <001> and <011>
Orientations for Binary Alloys Al-240 and Al-270 and for Ternary S
Alloys Ta-195 and Ta-225 (C Compression; T = Tension)
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Ai-240 700K 171

700-

<111> 0

600 - 24%

400
AI-240 293K STRESS, 5 '0""

MPa3:6

300 24 0a
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S E , o 320% <123>
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10<110> 2004%
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4%, 200

STRAIN STRAIN •

Figure 18 Tensile Stress-Strain Curves of A1-240 Tested Along <001>,
<011>, <111>, and <123> Axes at 293, 700, 1033, and 1144K
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Figure 19 Tensile Stress-Strain Curves of Ta-195 Tested Along <001>,
<011>, <111>, and <123> Axes at 293, 700, 1033, and 1144K
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Figure 20 Tensile Strain Hardening in Binary Ni3A Alloys at 293 and 700K 
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Figure 24 (a) Superlattice Intrinsic Stacking Faults, and (b) Dislocations
in Al-240 Strained Along <Ill> to 4% at 293K (see text for
description)
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Figure 25 Dislocation Structure in Al-240 Strained Along <123> to 4% at
1033K Showing APB-Coupled Screw Dislocations with Burgers Vector
a/2< 110>

4.7

"%.,

i 72 4.



200 rim ,

15o ooox
aJ

N.

gg <2<220>

100 n0

..340,00-

-..-3,',

Figure 26 Spacing of APB Coupled-Dislocation Pairs in: (a) 5.0 nm in ---%
Al-240, and (b) 3.5 nm in Al-270. Dislocations imaged using weak , .
beam dark field technique (,3g) on (111) plane with g" KOF2."--
Both all1oys were strained al ong <I123> to 4% at 1033K. :''.''
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Figure 30 Appearance of Fracture Surfaces in the Binary Alloy Al -270

Resulting from Tensile Testing at 293K (left photos) and 700K

(right photos). The tensile stress axes are from top to bottom
<001>, <110>, <111>, and <123>.
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Relative Elongation for Ternary Alloy Ta-195,

79

79•

W
. .......................................... . . • "..",.,-

-A i .. ."_- ' 3 '3 . -; .
-

.'--" - , . .- . '- ". '3 .- :-' '3.2 '- - -' - .' '3 . - ', 3 -, '-3 -. .-.- '- '.•



1%

1%,

- "j -. .. - . .. -. ' - .. - -,. ' ... . -. ., • -.. .-

.% % % N , % % " % ,
% % .%. ..- .... % _, .. ,. . . . , ,,, , -. J.. ,. , a. *... %,. .... . . , ... -,. ,.. ",


